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Abstract 
 
An Experimental Comparison of the Performance of Two 
Impulse Micro-Hydro Turbine Impellers 
 
Joshua A. Matheny 
 
The goal of this project was to measure the performance of two micro-hydro Turgo Impulse 
Turbine Impellers. In 2014, Hydropower accounted for 6% of total electric power produced and 
48% of electricity produced by renewable sources in the United States. Micro-hydro power is an 
established, robust, and versatile technology that can help society produce electric power without 
the emission of greenhouse gases and with minimal environmental impact. Competition from other 
renewable energy sources is causing the operational efficiency and power production of micro-
hydro turbines to become increasingly important. This competition puts pressure on manufacturers 
to improve the quality of their turbine designs and manufacturing methods. Computational fluid 
dynamics (CFD), combined with numerical methods and increased computing power, have 
become more widely used tools in the past several decades for design improvement. However, 
empirically derived performance data is still needed to validate modeling improvements and 
support further development of hydropower technology. Two impellers were chosen for study 
because they were used in an operational turbine system that the experiments were modeled after. 
The first impeller was designed and partially manufactured by Hartvigsen Hydro and assembled 
by Preston Machine, Inc. The second impeller had been in operation in the turbine system for 
several years and showed signs of wear. The blades on the two impellers were shaped very 
differently due to having completely different manufacturers. A test setup was designed and 
constructed to measure the overall efficiency and power output of both impellers. Two types of 
performance experiments were conducted. The first experiment determined the most efficient 
setting for the inlet nozzles which are used to increase the kinetic energy of the water prior to 
impinging on the turbine impeller. The second experiment measured the efficiency and power 
output of each impeller while varying the flow rate and shaft speed for each of two impellers. The 
results were analyzed and displayed as three dimensional maps for graphical interpretation of 
turbine performance as conditions were varied. The experiments indicate that the new impeller 
(impeller A) operated most efficiently with a peak efficiency 84.6% (with mechanical losses 
excluded). The older impeller (impeller B) reached a peak efficiency of 74.8%. Both impellers 
produced approximately the same amount of shaft power (28.6 hp with mechanical losses 
included) at their peak operating points. The experiments indicated that both turbines were 
sensitive to varying conditions and properly managing those conditions is necessary to obtain 
reliable and efficient energy output over a long operational lifetime.   
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1 Introduction  
1.1 Project Formation and Objective 
This project was initiated by Preston Machine, Inc. (PMI) of Kingwood, West Virginia. 
The objective was to document the overall performance of two different Turgo Impulse Turbine 
impeller designs under different operating conditions. Through instrumentation, impeller 
efficiency and power output were determined and used to make a comparison of each turbines 
performance. The performance data collected will be used to build a knowledge base for PMI and 
partner Biomost, Inc. to make future design and manufacturing process improvements. The data 
will also be used to estimate the return on investment period for future projects and analyze their 
feasibility. This experiment initiated the collection of information and data for a database that can 
be referenced during the design of new micro-hydro systems. It also addresses design challenges, 
common practices of operation, strengths, and weaknesses of micro-hydro power systems that will 
be useful for future interested parties [1].  
It was also the intent of the author to increase the awareness of the potential for micro-
hydro power technology to produce energy with minimal environmental impact. The turbine 
system that this project is modeled after illustrates an example of this potential benefit. The site 
consists of two 30 kW capacity Turgo Impulse Turbines operated by Biomost, Inc. for the Babb 
Creek Watershed Association (BCWA) in Antrim, Pennsylvania. The turbines provide electricity 
to a water treatment facility that is used to treat acid mine drainage (AMD) from an abandoned 
coal mine. Electricity produced from the turbines power electric motors in the treatment facility 
[1]. Any excess energy is sold back to the local utility company through net metering via a 
connection to the electrical grid. 
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 The benefits realized at the Antrim Acid Mine Drainage Treatment Plant are an example 
of how micro-hydro power can produce clean energy without the emissions of greenhouse gases. 
In December 2015, 195 nations across the world signed the Paris Climate Agreement. This 
agreement legally bound those countries to limit global temperature increase to below 2℃ when 
compared to pre-industrial levels and create a “net zero” balance of greenhouse gas emissions 
during the second half of the 21st century [2]. The U.S. Energy Information Agency recently stated 
in a monthly review that approximately 67% of electricity production in the U.S. comes from fossil 
fuel sources [3]. The U.S., as a part of the Paris Climate Agreement, agreed to reduce greenhouse 
gas emissions by 26-28% by 2025 compared to 2005 levels [2]. Micro-hydro power is an 
established, robust, and versatile technology that can produce clean energy and help to reach this 
goal. The turbines operated by Biomost, Inc. for the BCWA are shown below in Figure 1.  
Turbine Housing
Generator
Inlets with Spear Valve 
Flow Control
Discharge Out Bottom 
of Housing
 
Figure 1: Illustrates the setup of the turbines housed at the Antrim Facility [1] 
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1.2 Basic Principles of Hydro Power 
A turbine is defined as a device that extracts energy from a flowing fluid. A hydraulic 
turbine is a turbine in which the working fluid is water. The geometry of the turbine blading is 
such that the fluid exerts a torque on a rotor to which the blades are mounted [4]. The work done 
on the turbine rotor causes it to rotate [5]. Work produced from the rotating turbine can be utilized 
by coupling another device via an output drive shaft make use of the available energy. A common 
arrangement for modern turbines is to attach a generator to the rotating shaft to convert mechanical 
energy to electric power. The mechanical power produced by the turbine may also be used to drive 
rotating machinery such as: crop-processing equipment, saw mills, irrigation pumps, workshop 
machinery, looms, and forges [6].  
There are two main types of hydro turbines, impulse and reaction, each classified by their 
means of transferring the energy from the working fluid to the rotor. Impulse turbines typically 
operate at high head and low flow and reaction turbines which operate at high flows and low head 
[4]. This project focused entirely on impulse turbines. The opportunity to utilize energy from 
flowing water is created by converting it into different forms throughout the turbine system. 
Potential energy is at its highest at the inlet to the turbine system, called the penstock, where the 
working fluid is elevated above the outlet of the turbine system. The penstock piping carries water 
from the sources to the turbine impeller itself. The hydrostatic pressure head of the water increases 
as elevation decreases and the column of water builds inside the penstock. This available potential 
energy from hydrostatic pressure is converted to kinetic energy as the water transitions through 
nozzles and before impinging on the turbine blades as a free jet inside the housing of the turbine. 
An effective nozzle converts most of the pressure head to velocity head during this process. An 
impulse turbine utilizes this kinetic energy as water impacts the turbine blade, transferring its 
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momentum to the impeller. Impulse turbine blades are curved to redirect the water jet around their 
surface. They are often called buckets or cups. As the water jet impinges on the bucket surface, 
the torque that causes the shaft to rotate is produced by the change in momentum of the water jet 
as it is redirected around the surface of the bucket before exiting in the reversed direction [7].  The 
turbine housing is not pressurized and is open to atmospheric pressure [8]. The water exits the 
turbine housing through piping or a channel called the tail-race.  
For perspective, reaction turbines have a pressurized casing. They extract energy by 
creating a pressure differential on opposing sides of the turbine impeller blades, similar to an 
aircraft wing. The pressure differential induces a torque on the rotor which creates rotational work. 
They are more comparable to modern gas or steam turbines used in aircraft engines and power 
generation plants.    
Micro-hydropower output tends to be classified below 100 kW as can be seen in Table 1. 
This classification can vary from country to country. Most run-of-river systems that are not 
connected to a power grid fall within this power classification [9]. Larger systems are usually 
connected to a utility grid. For reference, Table 1 also shows different classifications of 
hydropower systems from different countries.   
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Table 1: Classifications of hydropower system size by generating capacity and country [9-12] 
Country Pico  (kW) 
Micro  
(kW) 
Mini  
(kW) 
Small  
(MW) 
Medium 
(MW) 
Large 
(MW) 
UK 
(multiple 
classifications) 
< 5 5-100 100-1000 < 5 10-100 >100 
   1-10 15-100  
   1-15   
US  < 100 100-1000 1-30   
China  - < 500 0.5-25   
France  5-5000 - -   
India  < 100 101-1000 1-15   
Brazil  < 100 100-1000 1-30   
Norway  < 100 100-1000 1-10   
 
The source of water used to power hydro turbines is commonly provided by natural 
landscapes such as a small streams, rivers, or tidal flows. Man-made water sources are also used 
as well. These can include: domestic water lines, drainage systems from highways or city streets, 
and pumped storage facilities. The amount of energy that a turbine can produce depends on the 
characteristics of the water source. With this being said, the feasibility of a micro-hydro project is 
highly dependent on the site it is selected for.  
A commonly used sub classification of micro-hydro power systems is a “run-of-river” 
layout. A diagram of this configuration is can be seen in Figure 2 with the major components 
defined. Run-of-river systems often use high head and low flow conditions in mountainous regions 
to produce power [11]. This layout avoids the environmental impact of a dam which is needed to 
create a reservoir and elevation head for large turbine systems. Run-of-river systems also have a 
minimal effect on the flow and wildlife in the water source that feeds them because they normally 
do not divert the entire flow to the turbine. These two advantages are generating more interest in 
micro-hydro systems as environmental concerns and regulations increase [13]. The turbine 
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impellers examined in this project would normally be operated in a run-of-river micro-hydro 
turbine system.  
 
Figure 2: Illustration of the layout of a run-of-river hydropower scheme [14]  
For perspective, other hydropower schemes include pumped storage and impoundment 
layouts. An impoundment layout requires blocking the flow of the water source to create a 
reservoir resulting in an increase of the hydraulic head and flow to the turbine at the site. Large 
dam based turbine set-ups are impoundment layouts. A pumped storage layout stores water at a 
high elevation by pumping from a water source or reservoir. The systems operates by directing 
water to the turbine system when demand for power is high. Water is then pumped back to the 
storage area when demand for electric power is lower so the process can be repeated [15]. 
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1.3 Historical Background 
Hydropower has been in use for many centuries and began with wooden waterwheels. 
Various types were used in many parts of Europe and Asia, mostly for milling of grains. 
Waterwheel technology was well developed by the time of the industrial revolution and produced 
efficiencies up to 70% [16]. There are still thousands of waterwheels in use today in Nepal [6].  
The first hydro turbine is thought to have been developed by Benoit Fourneyron in France 
in the 1820’s [16]. Since then, many people experimented with different forms of turbines, 
including famous names such as Euler and Navier [6]. Improved engineering skill during the 19th 
century, combined with the need for higher rotational speeds for the production of electricity, 
fostered the development of smaller devices.  
Large scale hydropower development during the first half of the 20th century was driven 
by increased demand for electricity production. Dams and hydropower stations were built at a 
rapid rate in North America and Europe. Since the 1960’s, large hydropower manufacturers and 
equipment suppliers have flourished by exporting to developing countries, while small 
hydropower (<10 MW by this definition) demand has declined [16]. However, in 2004 a study 
was conducted by the U.S. Department of Energy (DOE) that analyzed every stream segment in 
the United States with a minimum length of two miles for the potential to support a small scale 
hydropower system. Approximately 500,000 viable sites were identified with a potential electrical 
generation capacity of 100,000 MW [17]. Of those sites, 93,831 were identified as feasible micro-
hydropower sites representing a power generation capacity of 3,052 MW [10].  This would seem 
to suggest that there is still potential for micro-hydropower to expand and grow to take advantage 
of this potential.  
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The most well-known impulse hydro turbine design is the Pelton Wheel. It is named for 
Lester Pelton who is credited with developing the split bucket design. Although others patented 
similar configurations, Pelton tested a range of bucket shapes in 1878 and eventually patented the 
design that became known as the Pelton Wheel [16]. Several features distinguish Pelton Wheels 
from other turbines which can be seen in the layout of the turbine and how the water jet strikes the 
buckets shown in Figures three and four. The nozzle that directs the water jet at the wheel is in the 
same plane as the buckets of the wheel. A notch is cut in the outer edge of each bucket on the 
wheel. Each bucket is also spilt in half by a ridge that forms two elliptically shaped cups on the 
inside of each bucket. The ridge directs the water jet when it hits the bucket around the inner 
surface of the elliptical cups and then out each side of the bucket. The notch in each bucket allows 
the water jet to hit the center of the tangential bucket for a longer duration without interference 
from the edge of the next bucket on the wheel. Efficiencies of large Pelton turbines are typically 
over 90%. Micro-hydro Pelton impellers commonly have simpler designs that typically have 
efficiencies ranging from 75% to 85% [6].  
 
Figure 3: Typical layout of a Pelton Turbine [16] 
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Water Jet
Pelton Turbine 
Bucket
Inlet Jet Direction to 
Rotating Buckets
Jet Outlet Direction Jet Outlet Direction
 
Figure 4: Illustrations of a water jet striking a Pelton bucket from a 3D view (Left) and a cross sectional view 
(Right)  [18]          
 Turgo Turbines are similar to Pelton Wheels but with several key differences. Pictures of 
the Turgo Turbine layout and diagram of how the water jet strikes the buckets are shown in Figure 
5. Figure 6 shows the shape of a Turgo buckets and the typical orientation of the jet as it strikes 
the impeller. In a Turgo Turbine, the water jet is positioned at an angle from a plane through the 
rotating impeller causing the jet to impinge on the bucket at an angle. The jet enters on one side of 
the impeller and then exists the other side [19]. There are no notches in Turgo buckets. This 
configuration keeps water exiting the impeller separate from the water jet entering the bucket on 
the other side of the wheel. Eliminating this interference allows a Turgo impeller to be more 
compact and operate at faster speeds when compared to a Pelton Wheels operating in the same 
conditions [19].  
Eric Crewdson is credited with patenting the Turgo Turbine design in 1919 for Gilbert 
Gilkes and Gordon, Ltd. Gilkes was the sole manufacturer of Turgo Turbines until the 1970’s. The 
company improved on the design with additional patents in 1936 and 1962 [18]. Experimental 
performance tests on Turgo Turbine impellers have shown peak efficiencies as high as 91% [7] 
[20].   
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Figure 5: Typical layout of a Turgo Turbine [21] 
Water Jet
Water Jet
Turgo Turbine 
Bucket              
Inlet Jet Direction to 
Rotating Buckets
Jet Outlet Direction  
Figure 6: Illustrations of a water jet striking a Turgo Bucket from a 3D view (Left) and a cross sectional view 
(Right) [18]         
Turgo turbines are installed in locations throughout the world. They have developed a 
reputation for robust reliability when compared to other micro-hydro turbine designs, especially 
when operated with water containing erosive particles. This has made them popular for use in areas 
where large amounts of erosive particles in the water supply is present [22]. Turgo Turbines are 
the main focus of this project. 
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1.4 Barriers to Expansion 
There are barriers in place that will impede growth of micro-hydropower systems in the 
current energy market. Such impediments are significant because they can be far more costly to 
future micro-hydropower projects than design challenges faced by each proposed individual 
turbine system. If these barriers are not addressed, they will limit the growth of hydropower 
industry and severely limit the expansion of micro-hydropower by destroying the incentives for 
developing the technology further. Improvement of micro-hydropower technology through 
research will not overcome these challenges. The U.S. Government can help reduce the effects of 
these challenges so that the opportunity to utilize a reliable energy producing technology is not 
wasted. 
The biggest challenge is the investment of time and money necessary to obtain a license 
for a small hydropower facility [23]. A new hydropower installation must obtain a license from 
the Federal Energy Regulatory Commission (FERC) for construction, operation, and maintenance 
of the facility [23]. A hydropower facility must have this license or a license exemption before it 
can sell electricity produced to a utility. This road block can have a project-killing effect on some 
micro hydro projects because of their smaller budget and limited resources.  
Most run-of-river micro hydro projects would be eligible for a license exemption because 
they commonly use natural water features and have relatively small generating capacities. 
However, large and small hydropower facilities go through the same application process, resulting 
in lengthy application periods. Also, the complex regulatory processes makes obtaining permits, 
licenses, or exemptions from the FERC costly and time consuming. Regulatory costs can exceed 
equipment costs in some cases and environmental studies needed to build new projects can take 
years to complete [23]. Poor integration and communication among government regulatory 
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agencies leads to redundancy in the licensing process. Upon analysis of regulatory costs, FERC 
found that the water quality certification (Section 401 of the Clean Water Act) in particular drove 
up costs for many projects [23]. A report published by the National Hydropower Association Small 
Hydro suggested that removal of redundancies resulting from the clean water act should be pursued 
to improve the licensing process [24].  
A journal article published in March 2013 stated that there were 1,600 non-federal 
hydropower facilities licensed by the federal government at that time [25]. In 2011, there were 130 
non-federal hydropower facilities with pending license applications and relicense applications 
filed with the FERC [25]. A consistent complaint from the hydropower industry is that the process 
is unwieldy, lengthy, and uncertain. One reason the FERC’s application process is known to be 
complex is because equal consideration must be given to energy conservation, fish, other wildlife, 
recreational opportunities, and other federally mandated needs. These considerations involve other 
agencies of the government causing significant delay in the licensing process. In 2001, the FERC 
filed a report with congress on hydroelectric licensing policies, procedures, and regulations to give 
direction on how to reduce the cost and time of obtaining a license. Recent legislation has been 
aimed at trying to improve the licensing process [25]. 
The “Hydropower Regulatory Efficiency Act of 2013” signed into law on August 9th, 2013 
raised the generating capacity classification for hydropower facilities eligible for a license 
exemption from 5 to 10 MW [26]. Though this change increased the number of hydropower 
facilities eligible for exemption, it did little to address the inefficiencies in the licensing process. 
More recently, the “Hydropower Improvement Act of 2015” (S.1236) was proposed by the U.S. 
Senate with the intent to streamline the permit and licensing process for hydropower installations. 
If signed into law, this would be beneficial for the hydropower industry by reducing the permit 
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and license processing time which currently takes an average of eight to ten years to complete. The 
key provisions of S.1236 includes, but is not limited to, the following: the FERC is designated as 
the lead agency to set a binding schedule; the FERC coordinates federal authorizations for 
licensing; requires federal agencies responsible for portions of the application to adhere to a 
timeline established by FERC to facilitate processing of the application; the FERC compiles and 
makes a comprehensive collection of studies and data available to the public to ensure that studies 
are not duplicated for federal authorizations; and limits the licensing and permitting process to 
three years after the application date. The Hydropower Improvement Act of 2015 is aimed at fixing 
poorly designed legislation passed as the Energy Policy Act of 2005 that had the same goal of 
streamlining licensing and project development [27]. 
Barriers to growth of hydropower also include a variety of other issues. Getting connected 
to the utility grid for net metering is difficult because it can be costly and may not be in the best 
interest of the utility company. There is a lack of standards and incentives for the development of 
new hydropower [23]. The National Hydropower Association Small Hydro Council has proposed 
modifications and improvements to address many of these issues and has initiated communications 
with FERC to begin the work [24]. Work completed to reduce these barriers includes the signing 
of a memorandum of understanding for hydropower by the Department of the Interior (DOI), the 
Department of Energy (DOE), and the Department of Army (DOA). This memorandum was one 
of the first steps to increase communication between the agencies and to prioritize the development 
of new sustainable hydropower [23].  
1.5 Development Incentives 
Based on new incentives and increased interest in renewable energy, the U.S. hydropower 
industry is primed for considerable growth [24]. Many states in the U.S. are active in adopting or 
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increasing renewable portfolio standards (RPS) in an effort to utilize renewable energy sources. 
These policies have helped to drive the U.S.’s $36 billion market for renewable energy. Policies 
such as these can be integral in helping the states diversify their energy portfolios, reduce 
emissions, and promote economic development [28]. Figure 7 shows states with established RPS 
goals in dark green, states with voluntary RPS goals and targets in light green, and states with no 
goals or standards in grey [28].  The Database for State Incentives for Renewables and Efficiency 
reports that 16 states, Washington D.C., and Puerto Rico offer rebate programs for renewables. 
Sales tax incentives are available in twenty eight states as well as Puerto Rico while tax credits for 
renewables are offered in twenty four states [23]. 
 
Figure 7: Map showing renewable portfolio standards of U.S. states and territories [28] 
  Hydropower is a well-established technology, and has been producing electricity at 
competitive prices for more than a century. It produces electricity with a very flexible and quick 
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response time. This makes it well suited to cover peak-power demands and production gaps left 
by other forms of electricity production by varying the output from generating turbines [13]. These 
qualities make hydropower a stable source of energy for the electric grid [25]. A large majority of 
hydropower generation in the United States comes from large scale projects with generating 
capacities of more than 30 MW [14]. In the U.S. in 2015, hydropower supplied 25% of the total 
domestic renewable power consumed and 2.5% of overall electric power consumed [29].   The 
World Small Hydropower Development Report stated that in 2013, small hydropower (less than 
10 MW capacity installations) had an estimated maximum power generation capacity of 
approximately 9,246 MW  [23].   If the 3,052 MW of potential generation capacity from feasible 
micro-hydropower sites described in DOE Report 11263 were able to be put into operation, it 
would represent an approximate increase of 33% in the total electrical power generation capacity 
from small hydropower in the United States.  
 Despite the barriers in place that impede the expansion of small scale hydropower, each 
turbine system’s viability depends on their ability to obtain satisfactory performance in a given set 
of operational conditions. That is why the objective of this project was set on measuring the 
efficiency and power producing capability of each of the selected turbine impellers. Their 
efficiency and power output will determine if the cost of installing a new turbine system at a given 
site will be justified.
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2 Literature Review 
  The production efficiency of hydro turbines has become increasingly important to the 
hydropower industry in recent years. Economic viability and net production of electric power are 
closely tied to the efficiency of the turbines, especially for large systems. Market penetration and 
competitiveness is increasingly important as growth of other sources of renewable energy 
continues on both large and small scales. It will be important for hydro turbine manufacturers to 
continually improve turbine design and performance to keep hydropower as a viable business 
option in today’s increasingly competitive renewable energy market [30].  
Literature on impulse hydro turbines is relatively scarce. Published information most 
commonly comes in the form of academic articles, descriptions of individual installations, and 
textbooks on hydropower [6]. Of the information that is published on impulse turbines, a large 
portion of it is focused on Pelton style impulse turbines. The following presents work previously 
completed in the areas of design, performance evaluation, and CFD evaluation methods of Turgo 
and Pelton Turbines. These works provided insight into different approaches that could be taken 
for the performance analysis conducted in this project. Descriptions of experimental methodology, 
procedure, and set-up from these works were considered during the formation of the experiments 
in this project. 
2.1 Turgo and Pelton Turbine Design 
Accumulated knowledge on impulse turbine design is generally limited to proprietary 
commercial companies to preserve their competitive advantage [6]. In comparison to the Pelton 
Turbine, there is little published research on Turgo Turbines [7]. The traditional turbine designs, 
including the Turgo, were based on the accumulated experience of the manufacturers and the 
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engineers who originally commercialized each design. Over time, improvements were made to 
each design through trial and error. The development of these technologies was based more on the 
intuition of a small group of engineers rather than hydrodynamic theory [30].  
 This trend in design practice has changed over the past two decades. Fluid mechanics 
theory is increasingly being applied to hydro turbine design challenges due to the large increase in 
available computing power and the availability of commercial open-source evaluation tools. Most 
turbine manufacturers now make use of computational fluid dynamics (CFD) to analyze the flow 
development inside turbine components. The engineers using these tools are more competent in 
the methods of numerical analysis and CFD as well [30].  
Impulse turbine modeling is much more difficult than that of reaction turbines because of 
the complex, unsteady, two-phase, free-surface flow developed by the interaction between the 
buckets of an impeller, the water jet transferring the impulse, and the air inside the turbine housing. 
Complex flow phenomena include flow separation and cavitation in the impact area of the jet on 
the bucket and where the turbine bucket cuts through the impinging water jet. Degradation of the 
surface of the water jet as it passes through air after leaving the water nozzles is another type of 
phenomena that is difficult to analyze but does have an effect on the performance of the turbine. 
Water droplets in the turbine housing can also impact the water jet and change the amount of 
kinetic energy transferred to the impeller. The uniformity of the water flow is changed by bends 
in the piping just upstream of the nozzle entrance causing the water jet to deform. These 
phenomena combine to make impulse turbine modeling difficult even with the help of numerical 
methods assisted by increased computing power and CFD. Increased modeling complexity for 
impulse turbines causes computer processing times to increase by two orders of magnitude when 
compared to similar simulations for reaction turbines. Smaller turbine manufacturers are typically 
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at a disadvantage because they are unable to afford a numerical modeling, design, and testing 
department to do research on their products [30].  
The surfaces of Turgo Turbine buckets were originally designed using velocity triangles 
based on inlet and outlet angles combined with assumptions regarding the flow within the impeller. 
This approach typically assumes the blades are short enough to prevent frictional losses to the 
relative velocity, but long enough to prevent “eddy” losses due to the bending of the water as it 
travels along the blades. It was noted that the exit angle was the most important consideration in 
the design of the impeller. An example of the velocity triangles associated with Turgo Turbine 
buckets is shown below in Figure 8. A smaller exit angle would result in a higher efficiency due 
to less momentum loss at the exit. Reducing the exit angle too greatly would reduce the capacity 
and efficiency of the turbine by restricting the flow through the impeller because the exiting jet 
would impact the next bucket on the impeller. A common value for the exit angle (𝛽𝛽2) is between 
10-15°. The exit angle could be made slightly smaller than this common range because the 
discharge angle of the water jet exiting the impeller may be greater than the physical exit angle on 
outlet side of the bucket. This is due to the Coanda Effect which causes the water film exiting to 
be slightly deflected towards the trailing edge of the bucket [22].   
 
Figure 8: Illustration of the velocity triangles associated with Turgo Turbine buckets [20] 
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In Figure 8, 𝐶𝐶1 represents the absolute velocity of the water jet at the inlet to the bucket 
and 𝐶𝐶2 represents the absolute velocity at the outlet to the bucket. The relative velocity at the inlet 
is represented by 𝑉𝑉1 and the relative velocity at the out is represented by 𝑉𝑉2. The angle of the 
absolute velocities at the inlet and outlet are 𝛼𝛼1 and 𝛼𝛼2, respectively. The angle of the relative 
velocities at the inlet and outlet to the bucket are 𝛽𝛽1 and 𝛽𝛽2, respectively. The tangential velocity 
of the moving bucket is represented by 𝑈𝑈1 and  𝑈𝑈2 (these are equal and can be called 𝑈𝑈). 
The Euler Turbomachine Equation can be combined with knowledge of the shape of the 
buckets to provide an idealized estimate of the power output of the turbine based on the geometry 
of the blades and properties of the incoming water jet. The velocity triangles in Figure 8 show the 
inputs to the Euler Equation listed below in Equation 1. Equation 1 is an adapted form of Euler 
Equation as described by Young, et al. [4]. 
 𝑃𝑃𝑠𝑠ℎ𝑎𝑎𝑓𝑓𝑑𝑑 = ?̇?𝑚𝑈𝑈(𝑐𝑐2𝑇𝑇 − 𝑐𝑐1𝑇𝑇) = ?̇?𝑚𝑈𝑈(𝐶𝐶2cos (𝛼𝛼2)− 𝐶𝐶1cos (𝛼𝛼1)) (1) 
In Equation 1, ?̇?𝑚 represents the mass flow rate of water entering and exiting the turbine 
buckets. The tangential speed of the bucket as it rotates is represented by 𝑈𝑈. The tangential 
components of the absolute velocity at the inlet and the exit are represented by 𝑐𝑐1𝑇𝑇 and 𝑐𝑐2𝑇𝑇, 
respectively. They are related to the absolute velocities marked in Figure 8 using the cosine of the 
angles of absolute velocities which are also shown in Equation 1. This model assumes the jet hits 
each bucket in the same location which is not the case for a rotating impeller [20]. It also fails to 
account for the effect of the water jet being cut by multiple buckets at once during rotation, spray 
interfering with the incoming jet, and the aforementioned flow phenomena.  
An original paper describing the design of the Turgo Turbine by Crewdson states that the 
inlet angle of the bucket should be set at 20° [31]. The paper also states that it is better to have the 
physical inlet angle of the bucket larger than the angle of the incoming jet to reduce losses of 
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efficiency. These losses occur as water being deflects away from the impeller as it impacts the 
transition surface at the top of the bucket between the front and rear faces. Crewdson also provides 
a guideline for the speed ratio of the turbine. This is the ratio of water jet velocity to the tangential 
rotational velocity of the bucket at the point where the jet impinges and it is dimensionless. The 
range of this ratio should be 0.45-0.47 [31].  
 Turgo Turbine impellers have a more complex three dimensional shape when compared to 
Pelton Turbine Impellers. The efficiency of a Turgo impeller is more sensitive to the impeller 
shape than that of a Pelton design. Studies have shown that small shape variations in Turgo designs 
can lead to 5-10% reductions in efficiency [32]. As a result, a small number of manufacturers 
design and construct Turgo Turbines [30]. 
Work by Thake [6] titled “The Micro-Hydro Pelton Turbine Manual: Design, Manufacture 
and Installation for Small-Scale Hydro-Power” served as valuable reference for impulse turbine 
design methodology. Thake’s work focuses on the Pelton Turbine but it still provides valuable 
insights into the design and maintenance of the penstock and nozzle systems used on both Pelton 
and Turgo Turbines. The nozzle design for the nozzles in this experiment was based on guidelines 
for an effective short nozzle from this reference [6]. 
A work by Harvey [19]reviews the design of a micro-hydro system. It covers a broad range 
of topics including reaction turbines, impulse turbines, pump run as turbines, and many of the 
components that are unique to those designs. This reference also focuses on methods used for 
selecting a turbine for a particular site, estimating costs for building on that site, and estimating 
the amount of power that can be produced by the proposed design [19]. 
A work done by Davis [33] presents a collection of case studies from small hydropower 
projects around the world. This provides lessons learned through design concepts, maintenance 
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practices, and cost estimation information from previous projects. Diagrams showing multiple 
system designs were helpful during the creation of the experiment conducted in this project by 
identifying different components that might be used in the experimental set-up [33].  
Work by Daugherty [34] provided a detailed reference of the basic theory behind blade 
shape of impulse and reaction turbines. A description of how velocity triangles can be used to 
create basic estimations of torque produced on the turbine impeller, force exerted by the jet, and 
the relation of time rate change of momentum to force on the impeller are also included. Other 
sources also touch on these subjects and provide a general perspective of turbomachinery, but 
Daugherty explains each concept in detail from the perspective of how it pertains to hydro turbines. 
This reference also states that a Pelton Turbine can be expected to operate with a 75-85% efficiency 
if it is reasonably well designed and fabricated [34]. It also contains a chapter about turbine 
performance testing, specifically identifying test setup challenges. This reference also identifies 
guidelines on how to determine mechanical losses in the test set-up [34]. This information was 
utilized when designing a “coast down” test to determine the mechanical losses in the test rig 
before the performance test.  
Correa et al. [35] performed a study utilizing a new methodology for designing Turgo 
Turbine impellers with the concept of three dimensional potential flows. The profile obtained from 
certain potential flow streamlines were modified using several algorithms to select one that would 
accurately represent an efficient profile of the inner surface of a Turgo impeller bucket. The profile 
was combined with other geometric parameters to form a design  for a Turgo Impeller [35].  
Dorji and Ghomashchi [36] present four critical failure modes that can occur in most hydro 
turbine systems. The failure modes identified were cavitation, erosion, fatigue, and material 
defects. This reference outlined the causes of these failure modes, parts of turbine systems that are 
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susceptible to them, and preventative maintenance practices that can help avoid them [36]. The 
causes of these failure modes are often present in a turbine system for months or years before a 
failure may be realized. They did not directly affect the equipment in this project. However, 
understanding their causes provides value perspective that is needed if new turbine designs are 
made in the future. 
2.2 Experimental Evaluations of Performance 
 As mentioned above, complex flow phenomena reduce the accuracy of numerical models 
of impulse turbine performance. Numerical simulation and design tools need experimental support 
to validate their accuracy [37]. The following set of works describe previous experimental 
evaluations of impulse turbine performance, test apparatus designs, and the methodology used to 
conduct the experiments. Studies on the Pelton Turbine proved valuable when examining Turgo 
Turbines because they use the same nozzle and spear injector systems and operate on the same 
principles [22].  
The International Electrotechnical Commission (IEC) Standard 60193 [38] was used as a 
general guideline for conducting the performance tests in this project. This reference provided 
standard practices for model acceptance tests for hydraulic turbines and storage pumps [38]. Due 
to budgetary constraints, the entire standard was not followed due to equipment needed. However, 
many aspects of the standard were utilized including: the definition of the turbine efficiency; the 
methods for the measurement and calculation of the water density; and an approximation for 
acceleration due to gravity at the test site. Guidelines for mounting pressure transducers were used 
during the fabrication of the water nozzles used in the test stand. General information regarding 
the layout of data acquisition systems and component selection was utilized from this reference. 
  23  
 
Although similarity laws were not applied in this test, IEC 60193 gives guidelines for applying 
similarity laws in performance tests on different types of hydro turbines.  
Numerous experiments have been conducted to characterize the performance of different 
types of impulse turbines. Booker et al. [20] experimentally optimized the operational parameters 
of a pico-hydro Turgo turbine in an effort to maximize the efficiency and power output of the 
turbine. In this study, parameters including nozzle diameter, head, inclination angle of water jets, 
impeller pitch diameter, number of impeller cups, and the vertical aim position were varied in 
order to optimize the power output of the Turgo impeller being tested. For each design point tested, 
the rotational speed was plotted versus efficiency to find the optimal conditions [20]. A picture of 
the experimental setup is shown in Figure 9. 
The same apparatus shown in Figure 9 was also used by Booker et al. [7] to perform a 
study that showed that pico-hydro Turgo Turbines can also perform favorably in low-head 
conditions. A turbine efficiency of 91% was shown at 3.5 m. of water head pressure and 87% 
efficiency at 1 m.  
 
Figure 9: Test apparatus used by Williamson et al. [7] 
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In this set-up, a Turgo Turbine impeller was fabricated from commercially available cups 
for testing. The impeller was coupled to a low speed permanent magnet generator which was rated 
for 1 kW of generating capacity. A torque meter was coupled between the generator and the 
impeller. The speed of the turbine was controlled by changing the electrical load on the generator. 
Speed of the rotating shaft was calculated by measuring the frequency of the output current on the 
generator. Water flow came from a header tank and the head was controlled by controlling the 
water level in the tank. Water was fed in a continuous closed loop during the test resulting in a 
constant tank water level. A single nozzle supplied water to the turbine with constant pressure head 
because of the level of water maintained in the head tank. Piping leading to the nozzle was 
extended by 50 pipe diameters to ensure that the flow was fully developed before entering the 
nozzle [7].  
 Aggidis and Zidonis [39] conducted a study to show a process for automating performance 
testing of various turbine models. The goal of the project was to quickly turn data collected into 
three dimensional efficiency maps. Their test apparatus was built to test models of impulse and 
reaction turbines that had been scaled down by applying similarity laws. Francis (a type of reaction 
turbine) and Pelton Turbines were evaluated in the study. The testing apparatus was originally 
built by the Gilbert Gilkes & Gordon Ltd. who originally patented the Turgo Turbine [39]. 
Water flow and head for this set-up were supplied by a centrifugal pump coupled to an 
electric motor. The turbine was coupled to a mechanical brake that applied load to the output shaft 
so the speed of the turbine could be controlled. The water flow in the apparatus was indirectly 
measured using a triangularly shaped weir. The readings of shaft speed and torque were taken 
directly from the output shaft of the set-up using a load cell and optical speed sensor. Stepper 
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motors were used to actuate valves and the mechanical brake so that test conditions could be 
changed via computer program [39].  
 Cobb and Sharp [40] [41] conducted a study to test the performance characteristics of 
impulse turbines. Data collected was used to describe the effect of speed ratio, jet misalignment, 
and jet quality on the efficiency of the turbine [40]. Two plastic Turgo Impellers and one brass 
Pelton Turbine were tested. One of the Turgo impellers tested was a 169 mm pitch diameter 
impeller produced by Hartvigsen Hydro. Measured test results indicated a peak efficiency of 85%. 
It was stated in this study that the optimum speed ratio should be set near 0.5. However, during 
actual operation the optimal speed ratio ranged between 0.46 and 0.48. Reducing the inlet angle of 
the water jet (angle 𝛼𝛼1 from Figure 8) before it impinged on the turbine from 20 to 18 degrees 
resulted in a 5% drop in efficiency [41].  
 The test stand used in the Cobb and Sharp experiment consisted of vertically mounted 
turbines directly coupled to a permanent magnet alternator. A 2 hp centrifugal pump was used to 
circulate water through the system. A variable cross section valve was installed in the flow loop to 
control the flow rate [41]. A picture of the test stand is shown below in Figure 10.  
 
Figure 10: Impulse Turbine test setup created Cobb and Sharp [41] 
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This set-up was capable of testing Pelton or Turgo Turbines limited to 170 mm in diameter. 
The shaft speed could be varied between 400 and 1900 RPM by altering the electrical load on the 
alternator.  A maximum of 29 m of water of head could be achieved with the set-up. A maximum 
of 350 W of hydraulic power could be delivered to the turbine from the centrifugal pump supply. 
Four different water nozzles were used ranging from 7.94 to 12.7 mm in diameter to achieve 
different jet diameters and flow conditions [41]. 
 Stamatelos et al. [37] completed this project to determine detailed performance 
measurements on a Pelton Turbine and the nozzles. Geometrical dimensions of the impeller, 
buckets, and spear valves were documented because this type of information is usually proprietary 
for manufacturers. This experimental set-up was constructed to mirror the design of an operational 
turbine used by the Greek Public Power Corporation and was built to a scale that represents 1/6 of 
the actual size of the turbine [37].  
 This study modeled the spear valve flow losses using the CFD software Fluent and a 
method called smooth particle hydrodynamics (SPH). By numerically estimating the losses in the 
spear valve, a more accurate assertion of the efficiency due to the water jet and bucket interaction 
could be obtained. Turbine efficiency charts were constructed to show the overall results [37].  
 The maximum attainable efficiency for the Pelton turbines tested in this study was 86% for 
a power range of up to 80 kW. Mechanical losses with the spear valves in their smallest cross 
sectional position were approximately 14.5% of the average hydraulic power input to that valve. 
The efficiency of the water jet and bucket interaction was approximated to be near 96% [37]. To 
be clear, the jet bucket interaction represents only one form of loss that reduces the efficiency of 
the turbine. Others include mechanical losses from the bearings the turbine shaft is mounted on 
and windage loss of the impeller as the buckets push through air. 
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 Agar and Rosi [42] performed an experiment to model a Pelton Turbine. The model was 
used to educate students and describe the procedure for measuring the mechanical efficiency of a 
turbine. The Pelton buckets used in the experiments were found to have an efficiency of 47% [42]. 
 Thapa and Dahlhaug [43] proposed the design of a turbine testing facility that would serve 
the hydropower industry in Nepal. The Water Power Laboratory would be dedicated to the 
performance analysis of Crossflow and Pelton turbines. In addition, research on the erosion of 
turbine components from particulate in the water flow would also be studied. Construction of a 
laboratory at Kathmandu University has been proposed to further the development of small 
hydropower that is common in rural Nepal. The proposed facility would use an overhead water 
reservoir to feed test stands for both impulse and reaction turbines. The reservoir would be able to 
provide 30 m of static head to each setup. The water would be circulated between the upper 
reservoir and a lower one by two pumps with a capacity of approximately 4,000 GPM. 
Electromagnetic flow meters and pressure transducers would be used to measure some of the 
performance parameters. The largest capacity turbine that can be tested would be 300 kW [43].  
 Sakurai et al. [44] used an experimental test stand for performance measurement of a 
centrifugal pump operated in reverse as a turbine. The pump-turbine had a rated efficiency of 55% 
and a maximum flow of approximately 132 GPM. It was connected to a six pole generator with a 
generating capacity of 1.5 kW. The maximum output of the pump turbine set-up was 402 W and 
the maximum efficiency achieved was 51% [44]. A schematic of the test set up is shown below in 
Figure 11.  
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Figure 11: Test set-up created by Sakurai, Funato, Ogasawara [44] 
 Climescu et al. [45] documented the design of an impulse turbine testing rig with an 
integrated planetary speed increaser to change the rotational speed of the output shaft. The system 
was meant to function unattended [45]. A diagram of the system is shown in Figure 12. Although 
no numerical data was reported, the efficiency of the Turgo Turbine in experimental was measured 
with and without the speed increase coupled between the generator and the turbine impeller. The 
schematic of the test setup served as another reference for the design of the test stand in this project.  
 
Figure 12: Schematic of experimental set-up for Climescu et al. [45] 
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2.3 CFD Evaluations of Performance 
This section discusses recent studies of impulse turbines that involved CFD and numerical 
methods. Main regions of interest on a turbine for study are piping leading to the nozzles 
(distributor), the nozzles themselves, the impeller buckets, and turbine casings. The distributor and 
nozzles are critical to the overall efficiency of the system and the operational life of the impeller. 
The turbine efficiency is highly dependent on the shape of the buckets of the impeller. Casing 
design is important because it can cause losses via disturbances of the incoming water jets from 
spray. Sheets of spent water can deflect off of the walls of the casing and disrupt the jet [22].  
Anagnostopoulos et al. [32] presented a new CFD based design methodology for Turgo 
Turbines using a La’Grangian perspective that tracks a number of particles as they move through 
a Turgo impeller bucket. The Fast La’Grangian Simulation (FLS) was beneficial because it could 
be completed with negligible computation time when compared to other modern CFD methods. 
The bucket shape of a 70 kW Turgo model was parameterized and then optimized using stochastic 
optimization software. The model was fabricated, tested, and the results were compared to the 
numerical simulation. The simulation showed satisfactory agreement with the experimental results 
[32].  
Anagnostopoulos et al. also presented a Smooth Particle Hydrodynamics (SPH) 
methodology for simulating unsteady free-surface flows in a rotating Turgo bucket. The meshless 
nature of the method allows it to capture flow features appearing in the turbine without diffusion 
at the interface between air and the water jet. Two different geometries for the buckets were 
compared and the results were compared to a simulation obtained by the commercial CFD package 
Fluent. The SPH method proved capable of obtaining similar results with much less computation 
time [21].  
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Keck and Sick provided a comprehensive overview of CFD development in regards to 
hydro turbines over the last 30 years. It lists mile stones and breakthroughs in analytical methods 
up to 2008. The timeline is phased into several time periods with different methods, levels of 
complexity, and simulation accuracy common to each period [46]. 
These works provided a valuable reference during the process of forming the procedures, 
methods, and equipment that were used to conduct this experiment. The insight provided by each 
individual work mentioned served to create a perspective of how performance analysis of micro-
hydro impulse turbine should be conducted. 
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3   Experimental Setup 
3.1 Methodology   
3.1.1 Evaluating Turbine Efficiency 
The main goal of this project was to measure the efficiency and shaft power produced by 
two Turgo impellers to judge their performance. The first impeller which will be called impeller 
A was a brand new impeller made from stainless steel. A picture of impeller A can be seen in 
Figure 33 in Section 3.2.8. The second impeller had been in operation before the project and had 
been worn and corroded on a lot of its surfaces. It will be called impeller B. A picture of impeller 
B is shown in Figure 34 of Section 3.2.8. Knowing the performance parameters allows for a more 
accurate prediction of the energy produced by the turbine system. This information is needed if 
the system is going to be competitively marketed.  
 Efficiency (𝜂𝜂) for a hydro turbine is defined as the shaft power output (𝑃𝑃𝑠𝑠ℎ𝑣𝑣𝑎𝑎𝑣𝑣) from the 
turbine divided by the hydraulic power (𝑃𝑃ℎ𝑦𝑦𝑦𝑦𝑣𝑣𝑣𝑣𝑦𝑦𝑛𝑛𝑣𝑣𝑦𝑦) put into the system [4]. This is shown below 
in Equation 2 seen below. 
 𝜂𝜂 = 𝑃𝑃𝑠𝑠ℎ𝑎𝑎𝑓𝑓𝑓𝑓
𝑃𝑃ℎ𝑦𝑦𝑦𝑦𝑦𝑦𝑎𝑎𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦
   (2) 
Shaft power is defined as the power produced from the shaft connected between the generator and 
impeller [38]. It is defined below by Equation 3.  
 𝑃𝑃𝑠𝑠ℎ𝑣𝑣𝑎𝑎𝑣𝑣 = 2𝜋𝜋?̇?𝑛T (3) 
In Equation 3, ?̇?𝑛 represents the shaft rotational speed and T represents the torque imposed on the 
impeller. Hydraulic power is defined as the power produced from the water flow exiting the 
nozzles under pressure. It is defined by Equation 4.  
 𝑃𝑃ℎ𝑦𝑦𝑦𝑦𝑣𝑣𝑣𝑣𝑦𝑦𝑛𝑛𝑣𝑣𝑦𝑦 = 𝜌𝜌𝑔𝑔ℎ?̇?𝑄 (4) 
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In Equation 4, 𝜌𝜌 represents the density of the water and 𝑔𝑔 is the local acceleration due to gravity. 
Net head (ℎ) is the elevation head produced by the pump that is circulating water through the test 
stand. The pump is simulating the natural head pressure that would be built up by water flowing 
down an elevation decline such as a hill or from a dam reservoir. Volumetric flow rate of the water 
flowing through the test stand is represented by ?̇?𝑄.  
3.1.2 Net Head 
Before conducting the experiment, an approximation of the major and minor losses in the 
piping of the Antrim site was conducted using knowledge of the penstock construction. This 
calculation determined that the losses present in the Antrim penstock did not warrant changing the 
value of pressure head for the experiment. The centrifugal pump used to create head pressure in 
the experiment could approximately control the pressure head within ±5 ft. of water. The losses 
calculated for the Antrim penstock were within this range. Therefore, the head pressure to be used 
in the experiment was kept at 160 ft. of water which was the elevation difference between the 
entrance to the penstock and the water nozzles that serve as the inlets to the turbine. The net head 
at each nozzle was measured during the experiment in an effort to achieve the target head in each 
water nozzle. Net head was calculated by rearranging the equation for hydrostatic pressure below 
in Equation 5 and measuring the pressure (𝑝𝑝) and water density (𝜌𝜌) at each water nozzle in the test 
stand. 
 ℎ = 𝑝𝑝
𝜌𝜌𝑔𝑔
 (5) 
Two water nozzles were used as the inlets to the turbine in this experiment. They will be called 
nozzle 1 and nozzle 2. They can be seen in the schematic in Figure 21 and will be described in 
detail in Section 3.2.5 of the experimental set-up. It should be noted that there was a pressure 
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difference between the two nozzles because of different lengths of piping and fittings leading to 
each. Nozzle 2 had a lower pressure when compared to that of nozzle 1 because of this. Nozzle 1 
was kept near the target of 160 ft. of water or 69.3 PSI for each test while nozzle 2 fell to 
approximately a 1-5% lower value than that of nozzle 1. 
3.1.3 Design and Sizing of Water Nozzles 
 When operating an actual turbine for power production it is important to monitor the flow 
rate of water to the turbine. Obtaining the maximum power output and efficiency that can be 
produced for a given set of operating conditions requires controlling a flow rate set-point entering 
the turbine. The speed of the water jet exiting the water nozzles (𝑉𝑉𝑗𝑗𝑛𝑛𝑣𝑣) is dependent on the net head 
supplied to the nozzles. This is shown below by Equation 6, derived from Bernoulli’s Principle.  
 𝑉𝑉𝑗𝑗𝑛𝑛𝑣𝑣 = 𝐶𝐶𝑉𝑉�2𝑔𝑔ℎ (6) 
In Equation 6, 𝐶𝐶𝑉𝑉 is a velocity coefficient associated with the speed of the water jet exiting the 
nozzle. Typical turbine nozzles have values between 0.95 and 0.99 for the velocity coefficient. A 
properly designed and manufactured nozzle should have a coefficient of at least 0.97 [6].   
 Since the jet velocity is fixed by the head at the water nozzle, the flow rate provided to the 
turbine is adjusted by varying the diameter of the water nozzles. Flow rate could also be increased 
by adding multiple nozzles to the turbine system because it has the same effect as increasing the 
exit diameter of a single nozzle. Actual turbine systems use two methods to control the nozzle 
diameter. A spear valve controls the cross sectional area of the nozzle by controlling the position 
of a spear head which translates axially into and out of the middle of the nozzle opening. The spear 
head is advanced in and out of the opening by rotating a threaded shaft attached to the head.  
The second method to control flowrate into the turbine consists of using different sizes of 
nozzles in a set. Each nozzle in the set is sized to fit a certain range of flow rates. When the flow 
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rate provided to the turbine varies out of a specified range, the nozzle must be changed to one that 
delivers the correct amount of flow to the impeller. Spear valves are more complicated and 
expensive than the fixed sized water nozzles; however, they can be precisely adjusted to the 
available water flow for a wide range of flow rates. Five different sizes of water nozzles were used 
in the test stand for this experiment.  
 The water nozzles used in this experiment were classified as short nozzles based on a 
design presented by Thake. Values of the contraction coefficient (𝐶𝐶𝐶𝐶) were given to be 0.83-0.85 
and the velocity coefficient (𝐶𝐶𝑉𝑉) was 0.97 [6]. A drawing of the nozzles used in the test stand is 
shown below in Figure 13. Instead of having a flanged connection to the piping as depicted in 
Thake, the nozzle was threaded on to a 90° pipe elbow in the test stand. It should be noted that the 
inner diameter of the inlet pipe matched the entrance diameter of the nozzle. However, a small gap 
was left between the nozzle and the end of the inlet pipe. This was due to the fact that the machined 
threads on the nozzle end before the nozzle entrance meets the end of the pipe elbow it is connected 
to. This does not allow the inlet pipe to thread completely into the nozzle. This small gap could 
cause a disturbance in the water flow through the nozzle but this effect was deemed negligible 
because each nozzle produced a uniformly shaped water jet during the experiment. As a side note, 
an ideal water jet is conical in shape and has very little dispersion away from that shape as it travels 
through air and spray before it impinges on the impeller. A uniform jet will transfer the maximum 
possible amount of kinetic energy to the impeller. Any excessive dispersion away from the jet will 
result in lost kinetic energy that will not be transferred to the impeller [6]. The quality of the water 
jets in this experiment will be discussed in Section 4.6. 
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Figure 13: Illustration of the geometry of the water nozzles used in the test stand [6] 
 An expression for the required diameter at the nozzle exit can be obtained by combining 
the expressions for the jet velocity (Equation 6) and the area of the nozzle into the expression for 
volumetric flow rate. The expression for nozzle diameter is shown below by Equation 7.  
 
𝐷𝐷𝑁𝑁𝑣𝑣𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 = � 4?̇?𝑄
𝜋𝜋 𝑛𝑛𝑗𝑗𝑛𝑛𝑣𝑣𝐶𝐶𝑦𝑦𝐶𝐶𝑉𝑉�2𝑔𝑔ℎ (7) 
In Equation 7, 𝑛𝑛𝑗𝑗𝑛𝑛𝑣𝑣 represents the number of water nozzles used in the system. The contraction 
coefficient (𝐶𝐶𝑦𝑦) represents the amount of contraction the water jet experiences after it exits the 
nozzle and reaches the vena contracta [6]. For this experiment, five different sets of nozzles were 
machined to be tested at various flow rates. The different sizes and flow conditions for each nozzle 
are shown in Table 2.  
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Table 2: List of nozzle diameters for the nozzles used in testing 
Rated 
Flow Rate 
Rated 
Flow Rate 
Flow Description Nozzle 
Diameter 
Nozzle Diameter 
  (GPM) (𝑚𝑚3 𝑠𝑠⁄ )  (m) (in) 
250 0.016 Min 0.020 0.781 
500 0.032  0.028 1.105 
750 0.047 Average 0.034 1.353 
1000 0.063  0.040 1.563 
1200 0.076 Experimental Max 0.043 1.712  
3.1.4 Speed Ratio 
As previously mentioned, the speed ratio is used to determine the optimum operating 
conditions for the turbine. The speed ratio is defined as the tangential velocity of the rotating 
buckets at the pitch diameter to the jet velocity. It is shown below in Equation 8. 
 
𝑥𝑥 = 𝑈𝑈
𝑉𝑉𝑗𝑗𝑛𝑛𝑣𝑣
= ?̇?𝑛𝜋𝜋𝐷𝐷𝑃𝑃𝐶𝐶𝑃𝑃60𝐶𝐶𝑉𝑉�2𝑔𝑔ℎ (8) In Equation 8, 𝐷𝐷𝑃𝑃𝐶𝐶𝑃𝑃 represents the pitch circle diameter of the impeller. The pitch circle diameter 
is defined as the diameter formed by the distance between the water jet impingement location on 
the impeller bucket and the axis the impeller rotates on. 
3.1.5 Acceleration Due to Gravity 
It was recommended by IEC 60193 that the performance experiments be conducted using 
an approximation of the local acceleration due to gravity at the test site [38]. Equation 9, shown 
below gives an approximation of acceleration due to gravity based on local latitude and altitude.  
 𝑔𝑔 = 9.7803(1 + 0.0053 sin2 𝜓𝜓) − (3 ∗ 106)𝑧𝑧 (9) 
In Equation 9, 𝜓𝜓 represents the latitude in degrees and z represents the altitude in meters above 
sea level at the test site. The latitude and altitude of the test site (Morgantown Municipal Airport) 
were found using the U.S. Geological Survey National Map Viewer [47]. A map of the location is 
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shown with the test site labeled in Figure 14. A value of 9.80026 𝑚𝑚 𝑠𝑠2�  was used for the 
acceleration due to gravity based on a latitude of 39.64° and an altitude of 376.7 m (1236 ft.).  
 
Figure 14: Topographical map of test site at Morgantown Municipal Airport in Morgantown, WV from the 
USGS National Map Viewer [47] 
3.1.6 Water Density 
IEC 60193 also recommended that the density of the water used in the test apparatus during 
experimentation be monitored to account for variation due to a temperature increase from being 
circulated through the turbine and centrifugal pump repeatedly [38]. The maximum temperature 
reached by the water being circulated was 36 ℃ (96.8℉). During each day of testing, an increase 
in water temperature between 15 ℉  and 25 ℉ was measured depending on the atmospheric 
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temperature during testing. Although this magnitude of temperature change caused a relatively 
small change in water density, it was accounted for using the expression shown below in Equation 
10.  
 𝜌𝜌 = 1
𝑣𝑣0[(1 − 𝐴𝐴 ∗ 𝑝𝑝) + 8 ∗ 10−6(𝑇𝑇𝑤𝑤𝑣𝑣𝑣𝑣𝑛𝑛𝑣𝑣 − 𝐵𝐵 + 𝐶𝐶 ∗ 𝑝𝑝)2 − 6 ∗ 10−8(𝑇𝑇𝑤𝑤𝑣𝑣𝑣𝑣𝑛𝑛𝑣𝑣 − 𝐵𝐵 + 𝐶𝐶 ∗ 𝑝𝑝)3] (10) 
In Equation 10, A, B, and C are constants. The specific volume of water, represented by 𝑣𝑣0, was 0.001𝑚𝑚3 𝑘𝑘𝑔𝑔⁄  [38]. The temperature of the water in the test apparatus is represented by 𝑇𝑇𝑤𝑤𝑣𝑣𝑣𝑣𝑛𝑛𝑣𝑣. 
The pressure at the nozzle where the density is being calculated is represented by 𝑝𝑝. This 
expression was formed from empirical data and is accurate to ±0.01% of the calculated value [38]. 
The accuracy of the density Equation was included in the uncertainty analysis.  
3.1.7 Turbine Operating Speed 
In practice, a directly coupled turbine should operate at a speed driven by the load being 
applied. The turbine impeller must be correctly designed and fabricated to achieve the desired 
rotational speed given the operating conditions [6]. Graphing turbine output torque and the 
required input torque to drive the load versus rotational speed can provide an estimate of what the 
turbine speed will be during operation. Micro-hydro turbines often have electronic load controllers 
that maintain the rotational speed of the turbine at the desired value [6]. A graph of this type will 
be shown in the results section for each impeller.  
Equation 11 below be used to estimate the rotational speed of the turbine if the speed ratio 
is known over a wide range of operating conditions.  
 
?̇?𝑛 = 60𝑥𝑥𝐶𝐶𝑉𝑉�2𝑔𝑔ℎ
𝜋𝜋𝐷𝐷𝑃𝑃𝐶𝐶𝑃𝑃
 
(11) 
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In Equation 11, x represents the speed ratio previously mentioned in Section 2.1. It should 
be noted that the actual rotational speed of the impeller is related to the efficiency of the impeller 
and the amount of electrical load placed on the generator that the turbine is attached to.  
3.1.8 Impeller Vibration  
All impellers should be balanced before use. Vibration caused by imbalance will not be 
obvious at low speeds. It is more likely to become a problem for directly coupled turbines that run 
above 1500 RPM [6]. A well balanced turbine impeller that runs without rough vibration while 
rotating can increase the efficiency and the durability of the impeller, shaft components, and 
generator. Vibration measurements were taken during this experiment to determine how well each 
impeller was balanced. This measurement was also used to monitor the operation of the test stand 
to ensure safe operation.  
Vibration acceleration and velocity were measured using an Omega HHVB82 hand held 
vibration meter. Equations 12 and 13 below were used to calculate the frequency and displacement 
of the vibration. 
 
𝑓𝑓𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 = 3690 𝑎𝑎𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣  (12) 
 
𝑑𝑑𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 = 19,100 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑓𝑓𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣  (13) 
In Equation 12, 𝑎𝑎𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 represents the acceleration of the vibration, 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 represents the 
velocity of the vibration, and 𝑓𝑓𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 represents the frequency of the vibration. In Equation 13, 
𝑑𝑑𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 represents the displacement of the measured vibration. Values for the frequency and 
displacement of the vibration were then used to assess the severity of the vibration using a general 
machinery vibration severity chart. This chart is displayed in Appendix A.  
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 3.1.9 Coast-down Testing 
 An ideal test apparatus to measure the performance of the turbine impellers in this project 
would be built to replicate the design, construction, and operation of the actual turbines at the 
Antrim site. This was not possible for this experiment because of the project resources but several 
key similarities were able to be reproduced. These similarities include: both impellers in the 
experiment were the actual impellers used in the Antrim Turbines; the test apparatus had two water 
nozzles, and both the actual turbine and test apparatus rotational speed were controlled by varying 
the load on the generator the turbines were coupled to.  Integration of the various sensors into the 
test stand also prevented mimicking the actual turbine assembly completely. The most important 
difference between the test apparatus and the operational turbines is that the impellers were not 
directly coupled to the motor shaft in the test stand. This is illustrated by the pictures shown in 
Figure 15. 
The rotary torque meter in the test apparatus had to be mounted vertically between two 
bearings to allow for rotation of the motor shaft without putting axial load on the torque meter 
shaft. This configuration introduces mechanical losses associated with the ball bearings that would 
not be present in a directly coupled turbine set-up. If the value of mechanical losses associated 
with the test stand were known, they could be used to calculate the efficiency of the impeller 
separately without the effect of the test stand design included. This would allow for a direct 
comparison between the measurements on the test stand and the actual performance of the turbines 
at the Antrim, PA site.  
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Figure 15: Pictures of torque meter mounted between motor and impeller on test stand (Left), Picture of 
impeller B directly mounted to motor shaft in Antrim turbines (Right) 
 
 Estimating the mechanical losses associated with the rotating components of the test stand 
and aerodynamic drag on the impeller were the main reasons for conducting the coast-down tests 
in this project. The expression used to estimate the mechanical losses from the coast-down test 
data was adapted from the Equation of Motion for Rotation [48] and an expression presented by 
Daugherty [34], as shown in Equation 14. 
 
𝑃𝑃𝑛𝑛𝑣𝑣𝑠𝑠𝑠𝑠 = 𝜔𝜔𝐼𝐼 𝑑𝑑𝜔𝜔𝑑𝑑𝑑𝑑  (14) 
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In Equation 14, 𝐼𝐼 is the mass moment of inertia of the drive train components of the test 
stand.  The angular acceleration, 𝑦𝑦𝑑𝑑
𝑦𝑦𝑣𝑣
, represents the time rate of change of the angular velocity of 
the motor drive shaft (angular acceleration), 𝜔𝜔 represents the rotational speed of the shaft,  and 
𝑃𝑃𝑛𝑛𝑣𝑣𝑠𝑠𝑠𝑠 represents the power lost in different sets of components in the test stand.  
Equation 14 was applied the same way in four different situations. They included 
calculating the power losses in the test stand with impeller A mounted, impeller B mounted, no 
impeller mounted but the other rotating components still connected to motor, and with only the 
motor shaft rotating. This was done in an effort to try to characterize the losses associated with 
each set of components in the test stand. The power losses calculated with both impellers attached 
represent all losses present in the test stand and aerodynamic drag on each impeller. When the 
impellers are removed it is expected that the aerodynamic drag associated with them is no longer 
present. It should be noted that aerodynamic drag was not eliminated because it would still be 
present when the driveshaft alone is rotating through air. However, it was being assumed that the 
majority of the drag was associated with the rotating impeller and removing the impeller would 
remove the majority of the aerodynamic drag from the rotating components. By subtracting the 
losses calculated with the drive shaft from the overall power loss, the aerodynamic drag associated 
with each impeller can be separated from the overall losses. This process was then repeated by 
subtracting the losses associated with the motor only from the power loss calculated with rotating 
stand components connected. This yielded an estimation of the mechanical losses associated with 
the two bearings in the test stand. CAD model pictures of the components involved in each coast-
down scenario are shown in Appendix B to give a visual perspective. 
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 During a coast-down test, the rotating components of the test stand were spun up to a 
certain rotational speed using the electric motor. Once this speed was reached and the system was 
stable, the motor was shut down and the torque it applied to the shaft and the impeller was removed. 
With no motor torque acting on the system, it was assumed that the only torque remaining was due 
to the frictional losses and aerodynamic drag of the ball bearings supporting the drive shaft and 
the aerodynamic drag created by the impeller buckets moving through air as they rotate. As 
mentioned earlier, these losses were isolated by running coast-down tests with different 
components attached and calculating the power loss with each combination.  
 In order to calculate an estimate of the losses, the moment of inertia needed to be calculated 
beforehand. The moments of inertia could have been estimated by approximating the different 
rotating components as solid cylinders. However, complex shapes of the shaft couplings, impeller 
blades, and motor shaft would have produced inaccuracies in this approximation. To provide a 
better estimate, the drive shaft components were modeled in Autodesk Inventor® and a built-in 
calculator was used to determine the moment of the inertia for all of the components in their 
assembled configuration. The inertia for the electric motor was then added to this since it could 
not be completely modeled in Inventor®. A picture of the models used to calculate each moment 
of inertia value is shown below in Figure 16.  
  44  
 
 
Figure 16: Illustrations of models used for calculating moment of inertia with (A) impeller A included, (B) 
impeller B included, and (C) no impeller attached to the driveshaft 
 The angular acceleration term in Equation 14 can be approximated in different ways. The 
method used in this experiment involved creating a polynomial that represented the angular 
acceleration of the test stand versus time. This was done by taking the derivative of a second order 
polynomial created from a curve fit of the coast-down curve which was a plot of the angular 
velocity versus time. 
  
A B C 
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3.1.10 Testing Conditions and Test Matrix 
 Experimental conditions used in this project were designed to mirror the operating 
conditions of the Antrim, PA site. The average conditions at the site are listed below in Table 3.  
Table 3: List of operating conditions for the entire water flow at the Antrim turbine site 
Variable Value 
Maximum Flow Rate 4000 GPM 0.252 𝑚𝑚3 𝑠𝑠⁄  
Minimum Flow Rate 500 GPM 0.031 𝑚𝑚3 𝑠𝑠⁄  
Average Flow Rate 1500 GPM 0.095 𝑚𝑚3 𝑠𝑠⁄  
Gross Pressure Head 160 ft. 48.8 m 
Nameplate Generating Capacity 27 hp on each turbine 20 kW on each turbine 
Generator Operating Speed 1800 RPM 
Estimated Inlet Angle ~16° 
The values in this table are based on the estimated full flow of water being directed to the 
Antrim powerhouse. The actual testing conditions used were chosen based on the capabilities of 
equipment available and the conditions that one of the two installed turbines could see on a regular 
basis. The conditions the test stand is capable of testing in are shown in Table 4.  
Table 4: List of general operating conditions used for performance testing of the impellers 
Variable Value 
Maximum Flow Rate 1200 GPM 0.076 𝑚𝑚3 𝑠𝑠⁄  
Minimum Flow Rate 250 GPM 0.016 𝑚𝑚3 𝑠𝑠⁄  
Gross Pressure Head 160 ft. 48.8 m 
Nameplate Generating Capacity 40 hp  30 kW  
Max Operating Speed 3600 RPM - 
Range Inlet Angle 16°-24° - 
 Several different variables were selected to be varied to show the effect of different 
operating conditions on the turbine efficiency and power output. These variables included flow 
rate (?̇?𝑄), motor shaft rotational speed (?̇?𝑛), diameter of the nozzle being used (𝐷𝐷𝑣𝑣𝑣𝑣𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛), angle to 
which the nozzles are set (𝛼𝛼1), and impeller pitch diameter (𝐷𝐷𝑃𝑃𝐶𝐶𝑃𝑃). The gross head at the nozzle 
outlet (ℎ) and the aim points of the nozzles were held constant. The nozzle aim points determine 
where the water jets will impinge on the turbine buckets. They are shown in Figures 17 and 18. 
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They are located on the pitch circle diameter of each impeller in a horizontal plane that is formed 
by the top edge of the impeller buckets. Each aim point is in line with the centerline rotational axis 
of the impeller if view from the side (as in Figure 18). Values used in experiments for the variables 
mentioned above are shown in Tables 5 and 6. 
 
Figure 17: Illustration of nozzle aim points on a top view of impeller A 
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Figure 18: Illustration of nozzle aim points on a side view of impeller A 
Getting the water nozzle pointed at the aim points shown meant controlling three different 
factors. These factors were the elevation of the water nozzle above the top edge of the impeller 
buckets, separation of the water nozzle from the center axis of the impeller, and the nozzle angle. 
Of these three factors, the nozzle angle was deemed most important for investigation. As a result, 
the separation of the water nozzle from the impeller was held constant for each impeller. When the 
nozzle angle was varied, the elevation of the nozzle outlet above the impeller blades was adjusted 
accordingly to get the nozzle aligned with the aim point. The process for aligning the water nozzles 
will be detailed further in Section 3.2.5 when the design of the water nozzle mounting brackets are 
described in detail.  
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A parametric approach to conducting this experiment would have exhausted the project 
resources before completion by creating thousands of test points in the experiment [49]. This 
would have meant varying one experimental parameter at a time to see how each affects the others 
in the experiment. It was decided that the experiment would be constructed using the process of 
design of experiments so that meaningful results could be obtained in a reasonable time frame and 
within project resources. As a result, the performance measurements in the experiment were split 
into two types. The first experiment was aimed at finding the nozzle angle that resulted in the most 
efficient output while producing the most shaft power from each impeller. Below, Table 5 shows 
the factors included in this experiment and the respective values used for testing.  
Table 5: List of experimental factors used in nozzle angle performance test 
Factor Name Values Tested 
Shaft Speed (?̇?𝑛) 150-1800 by increments of 150 (RPM) 
Flow Rate (?̇?𝑄) 750 (GPM) – held constant 
Head (ℎ) 160 (ft. of water) – held constant 
Nozzle Angle (𝛼𝛼1) 24, 22, 20, 18, 16 (°) 
Impeller Pitch Diameter (𝐷𝐷𝑃𝑃𝐶𝐶𝑃𝑃) Impeller A-7.497 (in.), Impeller B-7.861 (in.) 
Nozzle Diameter (𝐷𝐷𝑣𝑣𝑣𝑣𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛) 1.353 (in.) – held constant 
 
Including three repeated trials for each test point, 360 individual set-points were involved in 
running the experiment test matrix. The experiment to characterize the performance of the turbine 
at different inlet angles was run first and would determine the conditions for the performance 
mapping experiment. This reduced the number of runs in the test matrix because performance 
mapping would not be conducted at all five nozzle angles. For each impeller, the nozzle angle that 
resulted in the best efficiency and power production would be used to conduct the second 
performance experiment.  
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The performance mapping experiment was used to further characterize the performance of 
each impeller. The data produced by this type of experiment was used to create the three 
dimensional performance maps that will be shown in the results section. Table 6 shown below lists 
the factors included in this experiment and their respective values used in the test.  
Table 6: List of experimental factors used in a performance mapping test 
Factor Name Values Tested 
Shaft Speed (?̇?𝑛) 150-1800 by increments of 150 (RPM) 
Flow Rate (?̇?𝑄) 250, 500, 750, 1000, 1200 (GPM) 
Head (ℎ) 160 (ft. of water) – held constant 
Nozzle Angle (𝛼𝛼1) 24 (°) – held constant 
Impeller Pitch Diameter (𝐷𝐷𝑃𝑃𝐶𝐶𝑃𝑃) Impeller A-7.497 (in.), Impeller B-7.861 (in.) 
Nozzle Diameter (𝐷𝐷𝑣𝑣𝑣𝑣𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛) 0.781, 1.105, 1.353, 1.563, 1.712 (in.) 
 
Including repeated trials, the performance mapping experiment also included 360 
individual set-points. It should be noted that using the centrifugal pump to circulate water for these 
experiments made it difficult to obtain the exact head and flow rate values described in the test 
matrix. The flow rate and head the pump supplied were adjusted from a digital control panel that 
controlled the speed of the diesel engine attached to the pump. This made fine adjustment of the 
pump very difficult. Although the value of the head could be held constant, it was difficult to get 
the flow rate and pressure to settle at exactly the desired value.  
The head was controlled by increasing and decreasing the speed of the pump. An increase 
in the head also resulted in an increase and decrease of the flow rate sent to the turbine. However, 
a second factor that made it difficult to achieve the desired conditions was that the flow rate was 
less than the planned value for each head pressure. For example, for the 1200 GPM flow rate the 
maximum flow rate achieved during testing was 1182 GPM. One factor that could have attributed 
to this difference was the use of the top end value (0.85) of the prescribed range for the nozzle 
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contraction coefficient when sizing the outlet to each water nozzle. Using a smaller value such as 
(0.83) would have increased the prescribed size of the water nozzle and therefore increased the 
flow rate. Losses between the nozzle exit and pressure sensor could contribute to this as well.  
3.1.11 Uncertainty Analysis 
The process used for the experimental uncertainty analysis used in this project was based 
on a method described by Moffat [50] that was well suited for computerized analysis. It involves 
creating a bias uncertainty for each measured quantity and a precision uncertainty based on the 
number of trials for each experiment. The bias uncertainty was calculated by sequentially 
perturbing the inputs to see the effect on the result for each measured value. The perturbation of 
the inputs was based on the manufacturing specifications of each transducer used in the experiment 
[51]. Precision uncertainty is associated with the randomness or variation of run-to-run 
measurements taken in the experiment [52]. Both types of uncertainty were calculated in a 
MATLAB® script that simultaneously collected and averaged data from the data files created by 
the DAQ software. An overall uncertainty value was formed for each measured and calculated 
variable at each set-point tested in the experiment.  
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3.2 Design, Fabrication, and Layout of Experimental Apparatus 
The experimental test apparatus built for this project was a dynamometer built specifically 
to evaluate the performance of impulse turbine impellers. It was designed to simulate a range of 
operational conditions common to micro-hydro turbines. Most of the structural components of the 
stand were first modeled using Autodesk Inventor® before fabrication and assembly. The final 
assembly was 40 ft. long, 10 ft. tall, and 4 ft. wide without the pump attached.  
The test apparatus measured the efficiency (𝜂𝜂) of the turbine impeller and water nozzles 
together by dividing the power produced at the turbine by the amount of hydraulic power input to 
the turbine (Equation 2). Two different quantities were measured to accomplish this. The power 
produced at the turbine (𝑃𝑃𝑠𝑠ℎ𝑣𝑣𝑎𝑎𝑣𝑣) was calculated using Equation 3 with measurements of torque 
produced by the turbine (𝑇𝑇) and rotational speed of the generator shaft (?̇?𝑛). The hydraulic power 
(𝑃𝑃ℎ𝑦𝑦𝑦𝑦𝑣𝑣𝑣𝑣𝑦𝑦𝑛𝑛𝑣𝑣𝑦𝑦) produced for the test was calculated using Equation 4 and measuring quantities of 
water density (𝜌𝜌), pressure head (ℎ), and volumetric flow rate (?̇?𝑄). The calculated efficiency and 
all measured values were continuously recorded during each experiment by DAQ software [53] at 
10 Hz. 
The test was designed to be able to vary the operating conditions of the test stand in an 
effort to collect as much useful data as possible. The stand was designed to accommodate 
maximum testing parameters of 1800 RPM generator rotational speed, 1200 GPM flow rate, 160 
ft. of water pressure head, and a maximum inlet water jet angle of 24°.  A CAD model of the test 
stand is shown in Figure 19. The final assembly of the test stand is shown in Figure 20 for 
comparison. A schematic is shown in Figure 21 to illustrate different components of the test stand. 
Figure 21 will be referred often to facilitate discussion of the different components of the test stand.  
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Figure 19: Illustrates an overview of the CAD model of the test set-up 
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Figure 20: Picture of the final assembly of the test set-up 
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Figure 21: Schematic of the impulse turbine test set-up 
3.2.1 Centrifugal Pump 
 The pump used to circulate water through the test stand and create pressure head at the 
water nozzles was a Rain for Rent HH150SA high head pump. It is represented by the large pump 
symbol on the right side of the schematic in Figure 21. It utilized a centrifugal pump connected to 
a diesel engine. The system was self-priming and continually removed air from the water lines 
during operation. The pump was capable of producing a maximum of 319 ft. of head at 2,300 
GPM. This pump was chosen to run the experiment because the requirements of 160 ft. of head at 
a maximum flow rate of 1,200 GPM allowed the pump to operate without heavy strain. The 
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experimental operating conditions fall near the middle of the recommended operating range for 
the pump. Two pictures of the pump are shown below in Figure 22.  
 
Figure 22: Rain for Rent HH150SA Pump used to circulate water in the test stand 
As seen in Figure 22, the pump was connected to the rest of the test stand with six inch 
flexible rubber Victraulic hoses. The hoses were connected with Victraulic “Quick Vic” couplings 
and gaskets.  
3.2.2 Flow Meter  
The flow meter used to measure the flow rate of water being discharged from the pump to 
the water nozzles was a Siemens Mag 5100W model with a Siemens Mag 5000 signal transmitter 
mounted directly on top of the meter. The flow meter was connected downstream of a piece of 
schedule 80 PVC pipe that was 19 ft. 6 in. long. The long length of pipe was installed in effort to 
ensure that the water flow in the pipe was fully developed so that it did not affect the accuracy of 
the flow meter measurement. The PVC pipe was significantly longer than the recommended five 
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pipe diameters (30”) of straight pipe length upstream of the flow meter. A butterfly valve was 
installed between the pump and the flow meter piping so that the flow could be diverted into a 
bypass line when the system was initially started. This was done to protect the flow meter, pressure 
transducers, and pipe fittings from a pressure spike or water hammer downstream of the pump. 
The valve, PVC pipe, and flow meter were connected to the discharge connection on the pump via 
a 10’ length of the Victraulic hose. The bypass line consisted of two 20’ Victraulic hoses coupled 
directly to the reservoir built into the bottom of the test stand frame. If the bypass was in use, the 
diverted water flow would be sent straight back to the reservoir where it would be recirculated. 
These components can be seen in the middle of Figure 20. Another piece of straight pipe was 
installed downstream of the meter to further ensure that there were no disruptions in the flow in 
the meter. The 48 in. length of this section was also longer than the recommended downstream 
straight pipe length of three pipe diameters (18”). A picture of this portion of the set-up is shown 
later in Figure 24. The flow meter is shown to the left of the large pump symbol and near the 
middle of the schematic in Figure 21. The actual flow meter is shown on the next page in Figure 
23.  
 
Figure 23: Magnetic flow meter used to measure flow rate in the test stand 
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 The flow meter was connected to the piping by 150 lb. eight bolt flanges at each end to the 
adjacent pipe sections. Grounding rings were installed at each end of the meter to electrically 
ground the flow meter electrodes to the water flow inside the pipe. The grounding rings were 
connected to the flow meter body via two copper grounding wires shown in Figure 23.  The rings 
were sandwiched between two gaskets at each connection to ensure a water tight seal on each end.  
A signal processor built into the signal transmitter of the flowmeter allowed it to output a 
signal that was linearly proportional to the flow measurement. This signal was output over a current 
range from 4 to 20 mA. The 20 mA reading corresponded to a maximum flow reading which was 
programmed into the transmitter. The low end four milliamp reading corresponded to a low flow 
cut off value set in the transmitter. For this experiment, the maximum flow rate measurement was 
set at 1225 GPM and the low flow cut off was set at 62 GPM. A calibration expression to convert 
the current reading to a measured flow value in engineering units was formed from a linear fit of 
the described linear output. The overall accuracy of the sensor was ±0.4% of the measured flow 
reading. A factory calibration certificate was provided with the flow meter and is shown in 
Appendix C. The calibration of the flow meter was not checked with a physical test of the system 
because of the logistics of trying to measure the amount of water that would pass through the meter 
at a flow rate of 1200 GPM for the check.   
3.2.3 Flow Splitter and Nozzle Inlet Hoses 
Directly after the flow meter, a 6” x 3” schedule 80 reducer was installed to accommodate 
a smaller flow splitter on the main line. This also reduced the number of fittings needed to complete 
the assembly. The 3” flow splitter was connected to two flexible rubber hoses via two threaded 
adapters. This part of the piping assembly was anchored to the floor with concrete anchors and 
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steel banding to prevent movement caused by reaction forces on the flow splitter while the piping 
was under pressure. A picture of the flow splitter is shown below in Figure 24.  
 
Figure 24: Flow splitter that routes the main line flow to each water nozzle 
3.2.4 Test Stand Frame 
Most of the equipment in this set-up was housed and mounted on the frame of the test 
stand. The frame was mounted on a 4’x 8’ wooden base made of 2”x 8” lumber under a sheet of 
¾” plywood. A piece of soft rubber sheeting was laid underneath the structure to dampen 
vibrations of the frame during operation. Figure 25 shows the frame from front and back views. 
The frame is located in the bottom left corner of the schematic in Figure 21. 
The inner box served several purposes during operation including: catching water that 
exited the turbine in the reservoir in the bottom of the box, containing spray from the nozzles and 
impeller in the upper section, housing the water nozzles and hoses, and providing a surface to 
mount the bearings that held the drive shaft and impeller in place on the top of the test stand. The 
box was made from pieces of structural square tubing and steel plate. Clear Lexan sheeting was 
used to construct the windows so that the turbine could be viewed during experiments. Two of the 
  58  
 
windows were mounted on plastic hinges and served as doors to the inside of the box. The bottom 
of the box was large enough to hold approximately 330 gallons of water. During testing, the tank 
was filled with all valves open in the water lines so they would be filled simultaneously with the 
tank. This ensured that the entire system was full and the water level in the reservoir would not 
drop when the pump was started. The inlet to the pump was connected to a tank fitting welded to 
an opening at the bottom of the tank. 
 
Figure 25: Test stand frame (Left-Front View, Right-Back View) 
A heavier outer frame was constructed around the box for mounting the electric motor, 
electrical enclosures, and DAQ hardware. It was constructed from pieces of 3” structural square 
tubing with a ¼” wall thickness. This outer frame was bolted to the wooden base via footplates 
shown at the bottom of Figure 25. The heavier material was used so that the outer frame could 
withstand the reaction from the torque of the motor.  
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3.2.5 Water Nozzles and Mounting Brackets 
The flow splitter and hoses described in Section 3.2.3 routed water flow to the water 
nozzles inside the test stand. Each hose entered the frame box through holes cut into the front 
Lexan window. The end of each hose was threaded into an adapter that led into a long sweep 
schedule 80 PVC 90° elbow. Each elbow directed the flow toward the impeller through the water 
nozzles. A piece of 3” straight pipe was assembled in between the water nozzle and the elbow. It 
served as a point to attach the bracket that held the water nozzles in a fixed position. A pressure 
gauge and pressure tap were also mounted on each of these pipe sections using drilled and tapped 
holes in the pipe wall. Each pressure tap was connected to nylon tubing using Swagelok fittings to 
a pressure transducer mounted on the outside of the outer test stand frame. A picture of this portion 
of the set-up is shown on the next page in Figure 26. A CAD model of the brackets is shown in 
Figure 27. 
Structural Channel
Protractor
Pressure Tap
Water Nozzle
Sliding Top Plate
Middle Plate
Lower Plate
Angle Adjustment Rod
Elevation Adjustment Rod
 
Figure 26: Nozzle 2 in an angled position on the inside of the test stand 
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Figure 27: CAD model developed to guide the fabrication of the nozzle brackets that hold each water nozzle 
 Each nozzle bracket was mounted on a piece of heavy channel with a hole cut in the center. 
This piece of channel was clamped in place on the inside of the box frame near the top. The position 
this piece was in set the horizontal distance of the nozzle exit from the aim points shown in Figures 
17 and 18. A shallow depression was milled around the two longer sides of the rectangular hole in 
the channel. This depression served as a smooth pathway on which the plate could slide and also 
allowed the nozzles to slide as well. This allowed the bracket assembly to slide along the channel 
so the nozzles could be adjusted to the pitch diameters of each impeller. These components are 
labeled in Figure 28. When in the correct position, the nozzle bracket could be clamped in place 
with bolts that tighten steel blocks on the underside of the channel. The clamp blocks are labeled 
in Figure 28. 
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Figure 28: Illustration of an underside view of the nozzle bracket without the piece of channel it is mounted 
on shown 
 The elevation where the water nozzles rested at was controlled by four threaded rods that 
were secured to the lower two plates. Jam nuts on the top and bottom of the middle plate were 
adjusted vertically on the threaded rod which moved the water nozzle and piping vertically as well. 
The water nozzle and PVC pipe were attached to the bracket with steel and plastic pipe clamps 
that bolted to the lower plate. The plates are labeled in Figure 28.  
 A steel protractor was bolted to each side of the lower plate on each nozzle bracket. The 
protractor provided the measurement of the horizontal angle where the nozzle was set and 
coincidently the angle at which the water jet struck the impeller buckets. The protractor had one 
degree graduations of measurement. Machined blocks held the measuring edges of the protractor 
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in place. A hinge was bolted between the middle and lower plates allowing the lower plate to pivot 
for angle adjustment.  
The angle was locked in place by threaded rods that were mounted between the top and 
bottom plates with pinned connections. It was adjusted by threading the four wingnuts up and 
down on the two threaded rods. Adjusting the nozzle angle and getting the water nozzles directed 
at the aim points on the impeller was an iterative process. The elevation and angle needed to be 
adjusted multiple times, checked for alignment on target with a square, and then readjusted to 
ensure proper alignment of the water nozzles with the aim points previously described in Figures 
17 and 18. This process could take as much as 45 minutes between experimental runs. The different 
components are labeled in Figure 28. A picture of the combination square being used to align water 
nozzle 2 is shown in Figure 29. 
 
Figure 29: Picture of water nozzle alignment being checked with a combination square 
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 Most of the parts used in the nozzle bracket were cut on a CNC waterjet. Manufacturing 
the parts in this way ensured part dimensions would be accurate to the CAD models and helped to 
ensure proper alignment of each nozzle. Parts that required machining were made at PMI on a 
Bridgeport manual mill with a digital readout. Machining the brackets in this way and using heavy 
structural components helped to ensure that the nozzle would not change position due to reaction 
forces from the water jet during the experiment and keep the water jets aligned on their aim points.  
3.2.6 Water Nozzles 
The methodology for sizing and designing the water nozzles was described in Section 
3.1.2. Each of the ten nozzles were turned on a Haas CNC lathe at PMI. The nozzles were threaded 
with a pipe wrench onto the end of the PVC pipe section held by the nozzle mounting brackets 
before each test. Once the nozzle was tightly threaded onto the pipe, three set screws were threaded 
into taped holes on the outside diameter of the nozzle. This ensured that the nozzle would hold its 
position and would not be affected by water jet reaction forces. A CAD model of one of the water 
nozzles is shown below in Figure 30. The nozzle position in the bracket is shown in Figures 26, 
27, and 28. The nozzles are also shown on the left side of Figure 21 inside the top portion of the 
test stand frame. 
 
Figure 30: CAD model of one of the water nozzles used in the experiment 
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3.2.7 Pressure Transducers  
As mentioned in the previous section, a pressure tap connected the water nozzles to 
pressure transducers mounted on the outer test stand frame. This protected the transducers from 
vibration and spray on the inside of the test stand during experiments. A picture of the pressure 
transducer mounting for nozzle 1 is shown in Figure 31.  
It should be noted that an elevation difference was present between the entrance to the 
pressure tap and the pressure sensor shown in Figure 31. This difference in elevation affected the 
pressure measurement by decreasing the measured pressure at the tap. The hydrostatic pressure of 
the air and water that fill the nylon tube during operation acted against the pressure of the water in 
the water nozzle. These affects varied with the amount of water and air that were trapped in the 
tube between the pressure tap and the pressure sensors during each test. The maximum elevation 
difference from the pressure tap to the sensor was approximately 20”. If the tube were completely 
filled with water it could decrease the measured pressure by approximately 0.7 PSI. However, the 
tubing was never completely full of water because air was sealed in-between the pressure sensor 
and the pressure tap which means the effect of the elevation difference would have been less than 
0.7 PSI. The elevation difference was not taken into account during the experiment because the 
amount of water trapped in the tube varied between each experiment and would have had to have 
been accounted for at the beginning of each experiment with the test stand running. This would 
have meant changing the DAQ software program during the experiment and leaving time where 
the operational condition of the test stand was not being monitored. This was considered a safety 
concern and the effect of the elevation difference was neglected. 
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Figure 31: Picture of the pressure transducer mounting for nozzle 1 
The pressure transducers used for the experiment were Keller Valueline gage pressure 
sensors. They were capable of measuring pressure up to 150 psi. The accuracy of their total error 
band was ±0.1% of their range. Each transducer outputted a DC voltage ranging from 0-5 volts 
that was recorded by the DAQ hardware based on the measured pressure. A calibration expression 
was formed from a linear fit of the factory calibration data to convert the voltage output to a 
measured pressure value. A calibration certificate for each transducer is shown in Appendix C.  
Each pressure tap that the transducers were connected to was mounted just before each 
water nozzle at a 45° from the vertical. The angled mount was recommended by the IEC standard 
for hydro turbine model acceptance tests so that the pressure tap could not get blocked by dirt, 
debris, or air bubbles in the flow [38]. This can be seen in Figure 26 and is not shown in any of the 
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CAD models. Ideally, the sensor would be mounted in a position closer to the nozzle exit but this 
was not possible in this situation due to the fact that it would interfere with the rotation of the 
impeller if mounted at the end of the nozzle.  
The taps were attached by first drilling and tapping a ¼” NPT holes into the PVC. An 
Omega stainless steel pressure snubber was threaded into the tapped hole in the pipe. The purpose 
of the pressure snubber was to reduce pressure fluctuations in the water flow to create a smoother 
measurement and to protect the transducer from pressure spikes when water first entered the line. 
The pressure taps that led to the pressure transducers are shown in the same area as the water 
nozzles on the left side of Figure 21.   
In an effort to ensure the accuracy of the pressure measurements, the factory calibration 
curve was checked for each transducer using a Heise Model PTE-1 digital calibrator with a 30 PSI 
absolute pressure module installed. The calibration was performed by connecting the calibrator 
and a hand pump to the pressure transducer with Swagelok fittings and nylon tubing. Once the 
fittings were tightened and sealed, the pressure in the tubing could be increased using the hand 
pump. A pressure reading was displayed on the screen of the calibrator and then recorded. This 
value was plotted against the factory calibration curve to see if they were in agreement. The entire 
range of the sensor could not be checked because the calibrator could only measure up to 30 PSI 
absolute pressure. During both checks, eight pressure measurements were recorded between 
atmospheric pressure (~14 PSI) and slightly less than 30 PSI by increments of approximately 2 
PSI. To be clear, the values used in the check of the calibration are the difference in the absolute 
pressure measured by the calibrator and the atmospheric pressure. The plots of each calibration 
check are shown in Appendix C immediately after the calibration certificates. Figure 32 below 
shows the Heise connected to the pressure transducer for nozzle 2. 
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Figure 32: Picture of the Heise calibrator and hand pump connected to the pressure transducer 
3.2.8 The Turbine Impellers 
As mentioned before, two impellers were compared in this experiment. Impeller A 
represented a newly designed and fabricated impeller which consisted of 22 individual Turgo 
buckets welded to a center hub. An outer ring was welded to the outer edge of the buckets. A shaft 
coupler was welded to the hub so the impeller could be fixed to a driveshaft by putting a bolt 
through the underside of the hub and threading it into a hole on the generator shaft. The 
components of the impeller were made from stainless steel and it was not used in the field before 
this experiment. Impeller A had a pitch diameter of 188 mm and weighed approximately 16.6 lbs. 
Hartvigsen Hydro of Kaysville, Utah designed the impeller hub and buckets. The approximate 
angle on the inlet side of the bucket was 47°. The approximate angle on the exit side of the bucket 
was 9°. A picture of impeller A is shown below in Figure 33. 
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Figure 33: Angled view of impeller A 
Impeller B was larger than impeller A. Impeller B had been used extensively in an 
operational turbine and showed signs of wear and corrosion. It had 14 blades that were shaped 
very differently when compared to impeller A. Each bucket had a spherical shape on the inner 
surface. The outer ring welded to the outer edge of impeller B was much larger than the one on 
impeller A. The inner edges of the bucket were again welded to a hub. Impeller B was made of 
carbon steel with a nickel plating over most of the surfaces. However, most of the plating had been 
worn away by use in the field. Most of the bucket surfaces on impeller B were pitted, rusty, and 
worn from field use as well. It had a pitch diameter of approximately 7.86” or 200 mm and weighs 
33.3 lbs. The approximate angle on the inlet side of the bucket for impeller B was also 47°. The 
approximate angle at the exit of the blade was 32°. A picture of impeller B is shown below in 
Figure 34. Both impellers were dynamically balanced in an effort to ensure safe operation and to 
reduce vibration during testing.  
  69  
 
 
Figure 34: Angled view of impeller B 
3.2.9 Thermocouple  
A thermocouple was mounted in the reservoir to record the temperature of the water as it 
circulated through the system during operation. The temperature of the water was measured to 
account for variation in density as the water temperature increased during testing. An Omega 
JQSS-18U-12 J-Type thermocouple was used in the measurement. The standard accuracy of the 
thermocouple was the greater value of either 0.75% of the measured temperature or 2.2℃. Since 
the thermocouple had to be mounted on the inside of the test stand, the body of the thermocouple 
was sealed in a pipe with capped ends with the probe protruding from the bottom end through a 
hole. The probe end was in direct contact with the water being circulated through the test stand. 
This protected the thermocouple from high velocity spray inside the test stand. A picture of the 
thermocouple mount is shown in Figure 35. 
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Figure 35: Thermocouple mounted on the inside of test stand frame 
In an effort to ensure the accuracy of the measurement, the accuracy of the thermocouple 
was checked using a hand held thermometer. Both the thermocouple and the thermometer were 
placed in a bucket of hot water and the temperature measurements from both devices were 
compared. Multiple measurements were taken as the bucket of water cooled. The measured values 
agreed with an average percent error of 2.3% and maximum of 2.9%. The accuracy of the 
thermometer was ±0.2℃. The calibration for the thermocouple was programmed into the DAQ 
software. Changing the calibration would have meant changing the programming of the software 
which was not possible in a reasonable time frame. The default calibration was also accepted 
because a small change in temperature produced an insignificant change in the density values 
calculated. By examining values of specific volume for liquid water in Cengel and Boles [5], it 
can be seen that a change in temperature of water from 20 ℃ to 35 ℃ causes an approximate 
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decrease in the density of the water of 0.004%. The temperature change in the water in the test 
stand was similar to this and caused similar change in the water density measurement. Therefore, 
the default calibration of the thermocouple was deemed accepted.  
3.2.10 Spray Reduction 
 One of the factors that can negatively affect the overall efficiency of an impulse turbine is 
the amount of spray present in the housing during operation. The spray can interfere with the water 
jet before it strikes the impeller buckets causing a reduction in the velocity of the jet. An effort 
was made to try to reduce the amount of spray in the test stand during operation in two ways. First, 
plastic mesh was placed on the inside of the stand in key areas. Spray that contacted the mesh did 
not rebound as much when compared to unmeshed Lexan or steel surfaces. Second, clear Lexan-
acrylic spray shields were also placed in the path of the water jets to deflect them downward into 
the plastic mesh and reservoir. A picture of the shields and mesh on the inside of the test stand is 
shown in Figure 36. No effort was made to compare how the pattern of spray from the nozzles in 
the test stand compared to that of the Antrim Turbines because the operational turbines housing 
provide no access to view the turbines in operation. However, the size of the test stand is larger 
than that of the housing on the actual turbines. It can be inferred from the size difference that the 
air/spray mixture in the turbine during operation would have an increased density compared to the 
air/spray mixture in the test stand because the same amount of spray occupies a smaller space.  
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Figure 36: Spray shields and mesh installed on the inside the test stand 
3.2.11 Induction Motor 
 In order to create an efficiency map for each impeller, the rotational shaft speed of the 
impeller needed to be varied during the experiment. A Reliance RPM AC 40 hp induction motor 
was used to provide a load to the impeller and control the rotational speed of the impeller during 
testing. Holes were drilled and tapped in the c-face of the motor to allow it to be mounted in a 
vertical position. The motor was mounted on top of the outer frame of the test stand on a piece of 
½” thick steel plate bolted to the square tube frame. The motor was controlled using a variable 
frequency drive that will be described in Section 3.2.14. The variable frequency drive controlled 
the motor speed by varying the frequency of the 480 V three-phase electricity that powered the 
motor. A picture of the motor is shown in Figure 37. The speed-torque curve for the motor is 
shown in Appendix D. 
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Figure 37: Picture of the Reliance motor mounted on top of the test stand frame 
 Just before a test was conducted, the motor was used to spin the turbine impeller up to a 
certain speed. Following this, the centrifugal pump was started to bring pressure to the water 
nozzles. This caused the water jets to impinge on the impeller and apply torque on the motor shaft. 
This reduced the torque and power the motor needed to output to keep the impeller spinning at a 
constant speed. Once the amount of torque that was being applied by the water jets equaled the 
torque supplied by the motor, the power consumed by the motor was zero because it was no longer 
needed to drive the impeller. A further increase in torque on the impeller caused the motor to 
generate power as the induced torque from the turbine surpassed the torque supplied by the motor. 
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If the turbine was not loaded by the motor, the rotational speed would begin to increase at that 
point. To maintain constant speed, the energy generated by the motor was dumped by routing it to 
a resistance heater. Dumping energy increased the load on the turbine and reduced the shaft speed 
back to the desired set point. This process was controlled by the operator through the settings in 
the variable frequency drive (VFD) and the wiring of the resistance heater. This heater will be 
described in Section 3.2.15 because it is part of the energy dump system. It is shown in Figure 21 
at top on the right hand side.   
 The Reliance Motor was chosen for the experiment because it was readily available and it 
could be mounted in a vertical position. The motor and VFD had to be closely monitored during 
testing. Each impeller could produce more torque than the motor and drive were capable of 
operating with, especially when the rotational speed was decreased or head and flow rate were 
increased.  As a result, if a set-point in the experimental test matrix resulted in a torque that 
exceeded safe operating limits for the system, then that point was eliminated. The primary factor 
limiting this was the maximum allowable current that could be passed through the VFD to the 
resistance heater to dump energy from the system. It could not be determined beforehand which 
set-points could be tested because the amount of torque produced by the impeller depended on 
how efficient each impeller was at the test point which was unknown before the test. The motor is 
shown in green in the top left corner of the schematic in Figure 21.   
Ideally, a motor and controller combination would have been chosen that could handle the 
maximum torque and energy at all operating conditions for the experiment. It was not possible to 
get this equipment with the allocated budget for the project.  
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3.2.12 Incremental Encoder 
An incremental encoder was used to measure the speed of the motor shaft during each 
experiment. The encoder used was a Dynapar H20 that produced 1024 pulses per revolution. The 
accuracy of the encoder was ±0.125° on the reading of a transition between encoder sections. The 
encoder produced pulsed signals in the form of a square wave. The frequency of the pulses was 
recorded by the DAQ hardware and software and converted to a shaft speed measurement. A 
picture of the encoder is shown below in Figure 38. 
Top Face of 
Motor
Encoder
 
Figure 38: Picture of the Dynapar H20 Encoder mounted on the reliance motor 
In an effort to ensure the accuracy of the shaft speed measurement, the shaft speed 
measured by the encoder was compared to the value set in the software that controlled the VFD 
with no torque applied to the drive shaft. The encoder shaft speed measurement fluctuated but 
agreed well with the set value of shaft speed when it was averaged over a period of several seconds 
or more. This check of accuracy was not recorded.  
It should be noted that during an actual test the shaft speed of the motor was affected by 
motor slip. Slip was caused when the rotor rotational speed fell behind that of the actual rotating 
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magnetic field induced in the rotor. Slip is defined as the difference in the actual rotational speed 
from the synchronous speed. The amount of slip increases when load on the motor is increased. 
This was evident during testing, especially at higher flow rates where high torque was imposed on 
the impeller and motor shaft. This was compensated for by increasing the shaft speed set-point 
during performance testing to bring the actual shaft speed closer to the values described in the test 
matrix. This did not affect the accuracy of the results beyond what is reported in the uncertainty 
section. However, it did make the process of setting the rotational speed of the turbine exactly at 
the desired set-point difficult.  
3.2.13 Torque Meter and Drive Shaft Components 
An in-line rotary torque meter was used to measure the torque on the impeller shaft during 
the experiment. The torque meter selected was an Interface Force T23 LC with a measurement 
range of -500 Nm to +500 Nm. The negative value signified rotation in the counter clockwise 
direction. The torque meter output a signal ranging from -5 to +5 V. The output signal was linearly 
proportional to the measured value. A factory calibration certificate for the torque meter is shown 
in Appendix C. A calibration expression was fashioned from a linear fit of the factory calibration 
data to convert the voltage signal into a measured torque value. The selected torque meter 
measurement range was larger than required for the experimental conditions to protect against 
possible damage from shock loading that could occur at high rotational speed. This reduced the 
resolution of the torque measurement. The torque meter measurement was the biggest contributor 
of bias uncertainty present in the measurement of the turbine efficiency.  
In an effort to ensure the accuracy of the torque measurement, a physical check was 
performed on the torque meter using a torque wrench. This was done by threading a ¾” bolt into 
the end of the drive shaft before the impeller was mounted with a specially-machined shaft coupler. 
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A picture of the coupler is shown below in Figure 41. The torque wrench was then used to apply 
torque in the counter-clockwise direction to the bolt and shaft. The measured torque was then 
compared to the wrench setting to see if they agreed. The calibration could not be checked over 
the full measurement range of the sensor because a person turning the wrench could not apply the 
necessary amount of torque. The torque wrench used was a CDI 2503MFRMH which was accurate 
to within ±5% of the set value for counter clock-wise rotation. The accuracy of the wrench was 
checked by hanging weights from the handle. Weights of 22.4 and 22 lbs. were hung 1 ft. from the 
pivoting head of the wrench to induce approximately 44.4 ft. lbs. of torque. The wrench was then 
set to 45 ft. lbs. The wrench did not click at 45 ft. lbs. but did click at 44 ft. lbs. indicating an 
accurate reading.  A picture of this test is shown in Figure 42. A plot of the calibration data for the 
torque meter is shown in Appendix C.  
 
Figure 39: Machined coupler used for torque meter calibration  
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Figure 40: Set-up of the torque wrench accuracy check 
 
 To accommodate the vertical set-up of test stand, the torque meter was mounted vertically 
between the motor shaft and the connecting shaft on which the impeller was mounted. The 1” shaft 
on the torque meter did not have a keyway machined into it. As a result, Mayr single-flex shrink 
disc shaft couplings were used to connect the meter to each adjacent shaft. A picture of the torque 
meter and shaft coupling is shown in Figure 15 (on the left). This portion of the test stand is also 
shown on the left side the schematic in Figure 21 above the test stand frame.  
Directly under the torque meter, two flanged SKF YAT 211-200 deep-groove ball bearings 
were mounted to support the weight of the impeller. They also held the impeller drive shaft in 
alignment with the motor to reduce vibration. A picture of this portion of the assembly is shown 
in Figure 39 when it was separated from the frame. During operation, two steel guards were placed 
around the torque meter and shaft couplings as a safety precaution. Each guard was bolted to the 
piece of channel on which the shaft bearings were mounted.  
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Figure 41: Picture showing drive shaft the impellers were mounted on while it was separated from the test 
stand frame 
In Figure 39, the top machined section of the shaft connected to the torque meter via the 
aforementioned shaft couplings. The impellers were mounted on the bottom shaft section. Both 
flanged bearings can also be seen in the Figure bolted together through the channel bracket.  
It was critical that the drivetrain components from motor to impeller were aligned to reduce 
vibration. Several methods were used to align them. First, a flat surface was machined on each 
side of the piece of channel that held the bearings to ensure that their flanges were parallel to each 
other and located on the same rotational axis. Second, a straight edge and a dial indicator were 
used to check the alignment between the motor shaft and the impeller shaft mounted on the 
bearings. The straight edge was placed on the connecting shaft first. The position of the motor 
shaft was compared to the straight edge in multiple locations and adjusted accordingly. When the 
shafts were close to aligned, a similar process was used with a dial indicator in an effort to fine 
tune the alignment. Figure 40 below shows the alignment tools in position. Steel shims were used 
to correct the position of the motor and bearings to ensure proper alignment.  
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Figure 42: Depiction of the straight edge (Left) and dial indicator (Right) used to align the motor shaft to the 
impeller shaft 
 Finally, when the impellers were bolted to the drive shaft, brass spacers were used to ensure 
a tight fit between the impeller shaft coupler and the drive shaft. A long piece of threaded rod was 
used to position and tighten the impeller on the shaft. A special tool was fabricated to remove the 
impellers from the shaft so they were not damaged or the alignment of the drive shaft altered. A 
shaft collar was placed between the bottom bearing and the impeller to help ensure the position of 
the shaft would not change vertically during operation.  
3.2.14 Variable Frequency Drive (VFD) 
The VFD used for this experiment was a Delta 40 hp model. In Figure 21, the VFD is 
located near the top middle of the schematic. It served as the controller of the electric motor and 
allowed the operator to control the motor rotational speed during experiments. When the motor 
was driving the impeller at the beginning of a test, the VFD was sending 480 V three-phase power 
to the motor at a frequency that resulted in the motor spinning at the desired shaft speed. When the 
impeller was driven by the water jets, the VFD routed power that was generated by the motor to 
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the energy dump system in the form of direct current to a resistance heater. As mentioned in the 
previous section, the VFD was rated for a maximum current of 73 Amps which was the limiting 
factor that determined which set-points in the test matrix could not be tested. A picture of the VFD 
is shown in Figure 43.  
 
Figure 43: Picture of the Delta VFD in final position (Left) and with cover open (Right) 
 The drive was positioned in a plastic tub approximately 40 ft. away from the test set-up to 
prevent accidental contact with water. To power the system, the drive received power from a 
transformer linked to the building main supply. The VFD was connected to the resistance heater 
in the energy dump system via two flexible copper cables rated for 1kV.  A laptop computer was 
connected to the drive via a phone line with Delta VFDSoft 3.0 software to control the VFD. The 
drive was connected to the motor and transformer with a heavy duty AWG 6/4 power cable. 
3.2.15 Energy Dump System 
The main component of the energy dump system was a Chromolox Immersion Heater. The 
heater was capable of dissipating 150 kW of power from 18 copper coils. The heater was mounted 
in a closed stainless steel tank that was filled with water during operation. The water in the closed 
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tank was circulated by a Grundfos hot water circulation pump to a second open tank nearby. The 
water was circulated to ensure that it would cool enough to prevent boiling of the water in the loop. 
The amount of power dissipated by the heater was determined by the configuration in which the 
heating elements were connected.  A CAD model of the Chromolox heater is shown in Figure 44.  
The wiring configuration of the elements of the Chromolox heater was important because it had 
an effect on the performance experiment. In Section 3.2.11, it was mentioned that the rotational 
speed of the motor would increase if the load on the turbine was too low while it is being driven 
by the water jets. The amount of load placed on the motor was determined by the resistance on the 
Chromolox heater because that was where the energy produced by the turbine was sent. If the 
heater failed to dump enough of the generated energy, the rotational speed would begin to rise past 
the desired set-point. A resistance of 20.1 Ohms was eventually configured on the Chromolox 
elements which was within a range recommended in the Delta VFD operation manual. A picture 
of the wiring on the Chromolox elements is shown in Figure 45. The energy dump system is shown 
on the top right side of the schematic in Figure 21. A picture of the entire set-up is shown below 
in Figure 46. 
 
Figure 44: Illustration of a cutaway view of the Chromolox Immersion Heater 
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Figure 45: Picture of the wiring of the heating elements 
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Figure 46: A picture of the energy dump system configuration 
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3.2.16 Data Acquisition (DAQ) Hardware and Software 
All the signals from the different sensors described in this section were routed to an 
electrical enclosure on the top of the test stand frame. Each signal wire entered the enclosure 
through rubber knockout plugs installed on the side of the enclosure. This configuration was used 
to protect the electrical equipment and keep water separated from electricity if an accident 
occurred. The lid on the enclosure was closed and sealed with a gasket during operation for the 
same reason. A picture of the enclosure is shown in Figure 47. The enclosure is not shown in the 
schematic in Figure 21 but it can be assumed that the signal wires from each sensor were routed 
to the DAQ devices in the enclosure.   
LabJack UE9
ICP CON
 
Figure 47: Picture of the Labjack UE9 and ICP CON PET-7019Z DAQ devices in the electrical enclosure on 
of the test stand 
Two DAQ devices were used to collect the measurement signals from each sensor. The 
first was a Labjack UE9. The Labjack had 14 analog input channels with four of those available 
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on external screw terminal connections. These were used to connect the torque meter, and both 
pressure sensors to the DAQ software. One of the frequency input channels present on the Labjack 
was used connect the square wave signal of the incremental encoder. Each of the analog channels 
had an input range of ±5V. The Labjack has 12-bit resolution across each analog channel. The 
Labjack is the red device shown in Figure 47.  
The second device used for data acquisition was an ICP CON-PET7019Z. It had ten analog 
input channels. Each channel on the ICP CON could be configured to receive different inputs 
signals. This is why it was used to read the signal from the flow meter and thermocouple. The flow 
meter output signal was a current output from 4 to 20 mA. An ICP CON channel was configured 
by repositioning a small jumper on the inside of the device to engage the correct circuit. The 
software program that helped to set up the device and configure the channels in operation was then 
used to activate the channel. This software easily accommodated the J-Type thermocouple used to 
measure the water temperature in the test stand. The ICP CON had 16-bit resolution across each 
the analog input channels. It was capable of outputting a total of 10 samples per second. Since 
there were two sensors connected, it output their measurement signals to the DAQ software at a 
10 Hz sampling rate for each sensor. This sampling rate was accepted because all measurements 
were viewed as steady-state in the experiment and were averaged over the time interval they were 
recorded in. The Labjack samples data from the input signals at a much faster rate. A summary of 
the sensors and their connection to the data acquisition system is shown in Table 4.  
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Table 4: Summary of DAQ hardware 
Sensor DAQ Device Channel 
Output 
Range 
Measurement 
Resolution 
Sampling 
Rate Uncertainty 
Pressure 
Transducers 
Labjack 
UE9 
Analog 
0,1 0-5 V 0. 0732𝑃𝑃𝑃𝑃𝐼𝐼 𝐵𝐵𝐵𝐵𝑑𝑑⁄  10 Hz 0.1% 
Torque Meter Labjack UE9 Analog 2 ±5 V 0.179 𝑓𝑓𝑑𝑑. 𝑙𝑙𝑙𝑙𝑠𝑠. 𝐵𝐵𝐵𝐵𝑑𝑑⁄  10 Hz 0.255% 
Encoder Labjack UE9 
Frequency 
0 PPR 1024 PPR 
Pulses 
Counted 
0.4% at 
150 RPM 
Flow Meter ICP CON Analog 0 
4-20 
mA 0.0187𝐺𝐺𝑃𝑃𝐺𝐺 𝐵𝐵𝐵𝐵𝑑𝑑⁄  5 Hz 0.4% Reading 
Thermocouple ICP CON Analog 5 mV 53 𝜇𝜇𝑉𝑉 ℃⁄  5 Hz 0.75% or 2.2℃ 
 
 The DAQ hardware was mounted on the test stand frame so that each signal wire could be 
as short as possible to reduce noise in each signal. Ethernet cables connected each DAQ device to 
a network switch. The network switch was connected to a laptop computer that the operator used 
to control the experiment. The measurements from each device were then displayed and recorded 
in the DAQ software. 
 The DAQ software used was Scimitar [53], developed at West Virginia University’s Center 
for Alternative Fuels, Engines, and Emissions (CAFEE). It was originally designed for emissions 
testing and contains over 50,000 lines of code. Scimitar samples the incoming signals at 10 Hz. It 
was also preprogrammed to work with the ICP CON and Labjack devices used for recording data 
in this project. Before recording data during an experiment, a “parameter tree” had to be created. 
This was basically a list of each variable in the data reduction routine for the experiment. It 
contained measured values as well as calculated values. Block diagrams shown in Appendix E 
illustrate the different parameters used in Scimitar to obtain the experimental data.   
 All calculations that used physical measurements from the sensors were calculated during 
the experiment at the same 10 Hz sampling rate used in Scimitar sampled at. At this rate, a data 
  87  
 
recording that was twenty seconds long would contained 200 values for each parameter.  All 
measured and calculated values were displayed on a computer screen during the test for 
monitoring. A picture of the signals being displayed is shown in Figure 48. 
 
Figure 48: Data being recorded in Scimitar during an experiment 
 Each recording of data was saved as a “.tz” file. Each file was then loaded into MATLAB® 
for processing. Several MATLAB® scripts were created that collected and averaged the data, 
performed uncertainty calculations, and produced plots of the results.  
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4 Results and Discussion 
This section will present the results obtained during the experiment for both impellers. 
Portions of the performance data are presented below in the form of three dimensional plots to 
show the relationship between certain variables as the experimental conditions were varied. Each 
of these plots were oriented to present the best view of the surface created from the data.   
4.1 Vibration 
Vibration measurements were taken during each test to evaluate the balance of the rotating 
components in the test setup. The vibration data shown in Table 5, Table 6, and Table 7 represent 
the final tests completed with each impeller attached and without an impeller installed. In each 
table, peak acceleration (𝑎𝑎𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣) and velocity (𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣) represent the maximum peak 
acceleration and velocity of test stand vibration measured using the handheld vibration meter. 
Displacement (𝑑𝑑𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣) and vibration frequency (𝑓𝑓𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣) are calculated values obtained from 
Equations 12 and 13. The displacement and vibration frequency were used to assess the vibration 
condition using the general machine vibration severity chart from IRD Mechanalysis, Inc. shown 
in Appendix A. The vibration condition is shown in the last column of each table.  
The vibration measurements varied from day to day due to adjustments made to the test 
stand. Each vibration test was conducted with the components rotating in the test stand without 
water circulating through the system. Each test was only conducted until the test stand reached a 
vibration condition characterized as “rough” or “slightly rough” on the general machinery 
vibration severity chart. This accounts for why each of the following tables have different numbers 
of data points. 
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Table 5: Data describing the vibration condition for the test stand with impeller A installed 
Shaft 
Speed 
Peak 
Acceleration 
Peak 
Velocity 
Displacement Vibration 
Frequency 
Vibration 
Condition 
(RPM) (𝑚𝑚 𝑠𝑠2⁄ ) (𝑚𝑚𝑚𝑚 𝑠𝑠⁄ ) (mils) (CPM) - 
450 0.2 0.3 0.0354 6371 Very Smooth 
750 0.5 1.1 0.1904 4344 Good 
1050 1.1 2.2 0.3462 4779 Fair 
1350 1.3 6.4 2.479 1941 Slightly Rough 
1500 2.2 6.1 1.331 3447 Slightly Rough 
 
Table 6: Data describing the vibration condition for the test stand with impeller B installed 
Shaft 
Speed 
Peak 
Acceleration 
Peak 
Velocity 
Displacement Vibration 
Frequency 
Vibration 
Condition 
(RPM) (𝑚𝑚 𝑠𝑠2⁄ ) (𝑚𝑚𝑚𝑚 𝑠𝑠⁄ ) (mils) (CPM) - 
450 0.1 0.6 0.2832 1593 Smooth 
750 0.6 2.5 0.8196 2294 Fair 
1050 1 3.2 0.8057 2987 Fair 
1200 3.4 25.4 14.93 1279 Rough 
 
Table 7: Data describing the vibration condition for the test stand with no impeller installed 
Shaft 
Speed 
Peak 
Acceleration 
Peak 
Velocity 
Displacement Vibration 
Frequency 
Vibration 
Condition 
(RPM) (𝑚𝑚 𝑠𝑠2⁄ ) (𝑚𝑚𝑚𝑚 𝑠𝑠⁄ ) (mils) (CPM) - 
450 0.4 0.6 0.0708 6371 Very Good 
750 1.1 1.6 0.1381 6570 Good 
1050 2.4 3.8 0.4734 6036 Fair 
1350 2.6 3.4 0.3498 7308 Fair 
1650 2.2 3.2 0.3662 6571 Fair 
1800 2.8 5 0.7025 5352 Slightly Rough 
1950 4.1 16 4.913 2449 Rough 
 
As seen in Table 7, that with no impeller attached, the rotating components of the test stand, 
excluding an impeller, did not create rough vibration until rotational speeds of 1800 RPM were 
reached. Rough vibration was induced by Impeller A at 1350 to 1500 RPM and by impeller B at 
1200 RPM and above. It was suspected that impeller B created increased vibration at a lower speed 
when compared to Impeller A because of its larger size and unevenly worn surfaces which caused 
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greater imbalance. A good maintenance practice to try to reduce damage from vibration would be 
to periodically dynamically balance operational impellers as their encounter wear and corrosion. 
A desired vibration condition in an operating turbine would be “Good” or better. A condition of 
“fair” or “slightly rough” would indicate that minor issues are present and maintenance is needed 
at the earliest convenience. A vibration condition of “rough” should be analyzed immediately and 
the equipment should be shut down for maintenance [54]. 
4.2 Coast-Down Experiments 
As previously mentioned, estimating the mechanical losses associated with the rotating 
components of the test stand and aerodynamic drag on the impeller were the main reasons for 
conducting the coast-down experiments. The coast down curves also show how the coast down 
times increased as testing progressed, indicating a slight change in the operational condition in the 
rotating components of the test stand over time. 
4.2.1 Coast-Down Curves 
Figures 49-52 represent the motor speed decay with respect to time developed from coast-
down tests that were performed with impeller A, impeller B, the motor-only and the rotating 
components of the test stand without an impeller. A coast-down test was performed at the 
beginning of each day of testing. This process provided a way to check to see if the operational 
characteristics of the test stand changed from the previous day.  
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Figure 49: Plot of coast-down curves for tests done with impeller A 
 As shown in Figure 49, each test was performed with a motor release speed of either 1500 
or 1800 RPM for impeller A. The lower speed tests were performed during each day of testing. 
The higher speed tests were the last to be conducted. The reason for this was to limit operational 
duration at higher test speeds which produced more severe vibrations as characterized by the IRD 
chart. Figure 49 indicated the time duration necessary for the rotating components to cease rotating 
increased from day one through four. This was due to bearings being “worn in” with use and 
adjustments made to the alignment of the components to reduce friction. The bearings used in the 
test stand were new and unused when testing began.  
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Figure 50: Plot of coast-down curves for tests done with impeller B 
 The coast down curves for impeller B are shown above in Figure 50. The same trend of 
increasing coast-down time was seen with impeller B installed on days five and six of testing. 
Impeller B also had significantly longer coast-down times when compared to impeller A due to it 
having a larger moment of inertia.  
Coast-down curves without an impeller installed are shown in Figure 51. This test was 
performed by releasing the rotating components at 1950 RPM. Results indicate an approximate 
coast-down time of 9 seconds compared to the approximate times of 13 seconds for impeller A 
and 25 seconds for impeller B. This can be attributed to the lower moment of inertia of the drive 
shaft without and impeller connected.  
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Figure 51: Plot of coast-down curves for tests done without an impeller 
The coast-down curves obtained from testing the motor alone are shown in Figure 52. As 
seen in Figure 52, the motor took between 30 and 35 seconds to cease rotation after being released 
from a rotational speed of 1800 RPM.  From Figures 51 and 52 it can be seen that attaching the 
driveshaft to the motor caused a decrease in the coast down time of the rotating components of 
approximately 17 to 26 seconds. This may be due to the introduction of friction from the bearings 
that support the drive shaft during rotation.  
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Figure 52: Plot of coast-down curves for tests done with the motor only 
4.2.2 Losses 
An estimation of power losses in the test stand was formed using the method described in 
Section 3.1.6. A plot of the power losses measured during the coast-down evaluation can be seen 
in Figure 53. It should be noted that this is not an ideal evaluation of the losses in the test apparatus. 
The coast-down tests were performed without the water jets active in the test stand. This would 
affect measurements of aerodynamic drag. In normal operation, water spray around the impeller 
would cause higher density of the water and air mixture in which the impeller was rotating than 
that of air alone. With air alone encompassing the impeller during the coast down test, aerodynamic 
drag across the turbine impeller was reduced. The aerodynamic losses shown from this estimation 
are smaller than what is across the impellers during normal operation. 
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The measurement of the mechanical losses characterizes losses associated with the electric 
motor and bearings used to support the driveshaft the impellers were mounted to. These losses 
were found by subtracting the total power losses measured from the motor-only from the losses 
measured when the motor and drive shaft were connected. This estimation did not take into 
consideration the vibration conditions and change in loading on the bearings experienced during 
actual operation with water jets impinging on the impellers. Also, polynomial curve fits were used 
to calculate a portion of the measured values which influence the accuracy of the estimation.  
 
Figure 53: Plot of the losses measured in various configurations of the test stand  
The data in Figure 53 indicates that all losses increase with rotational speed with impeller 
B exhibiting the largest power loss. These results were expected because aerodynamic drag 
increased with the increased bucket size and increased weight caused increased bearing friction. 
Impeller A showed slightly higher power losses than the drive shaft attached to the motor. These 
were significantly less than that of impeller B. The motor alone showed the lowest amount of 
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power loss as expected since the motor shaft had very good alignment and very small vibration 
during operation.  
Based on the turbine power output at their peak conditions (occurred near 1650 RPM for 
both impellers) the losses in the test stand were about 1.1% of the total output for impeller A and 
2.1% for impeller B. Thake [6] states the windage and friction losses of a turbine are usually near 
1%. This would suggest that the estimation was reasonable and that impeller A causes less power 
loss than impeller B.  
As mentioned previously, in order to estimate aerodynamic drag and mechanical losses 
some of the curves were subtracted from each other to try to characterize the windage loss on the 
impeller and the mechanical losses in the stand components. The results of this process are shown 
below in Figure 54.  
 
Figure 54: Plot of the estimated losses due to windage and mechanical components 
It can be seen from Figure 54 that the test stand mechanical losses were estimated to be 
larger than the aerodynamic drag at all rotational speeds. The aerodynamic drag on impeller B was 
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greater than that of impeller A by an approximate factor of 6 at 1800 RPM. This was due in part 
to the larger frontal area of the buckets on impeller B and its larger pitch diameter which caused a 
higher tangential velocity of air on each bucket. The estimated values of drag would represent 
approximately 0.13% of the power output from impeller A and 0.77% for impeller B at the peak 
output point. Thake [6] suggests values of 0.5% loss for windage are realistic. The mechanical 
losses in the test stand were approximately 0.81% of the peak shaft power produced for both 
impellers. It should also be noted that the drag on the impellers did reached zero while the impellers 
were still rotating. However, the curve fitting done to algebraically manipulate the power loss 
curves interferes with the estimation of the very small numbers by estimating negative drag. Since 
this was not possible, the point where the drag appeared on the plot was taken as the point at which 
the shaft speed was fast enough for the drag to cause a significant windage effect. 
The percentage of losses varied with the output of the turbine and shaft speed. It can be 
seen below in Figures 55 and 56 that the losses are more prevalent at low flow and high speed 
conditions because the power output from the impellers was low with those conditions. As a result, 
the losses ranged from 0.01-5.2% for impeller A with the greater percentage coming a low flow 
and high speed conditions. The losses ranged from 0.05-7.2% for impeller B with the greater 
percentages also coming in low flow and high speed conditions. If the system were an actual 
turbine in operation at the low flow and high speed conditions, it would be important to make 
every effort to mitigate the losses to ensure that maximum power production is achieved.  
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Figure 55: Plot of percentage of the power losses with respect to the shaft power produced by impeller A 
 
 
Figure 56: Plot of percentage of the power losses with respect to the shaft power produced by impeller B 
  The estimation of the losses in the test stand and impeller windage allowed for the 
calculation of an adjusted efficiency value. This represented an estimation of the efficiency of each 
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impeller and the water nozzles independent of the test stand components. Graphs of the adjusted 
efficiency are shown in Section 4.4.1 in Figures 64 and 68.  
4.3 Performance at Different Nozzle Angles 
The first of the performance tests was conducted to show which inlet angle to the turbine 
would provide the best power output and efficiency. Each test was performed at a flow rate of 750 
GPM.  For impeller A during this experiment, the maximum efficiency obtained was 79.6% at an 
inlet angle of 24°. It can be seen from Figure 57 that all other angles resulted in a lower efficiency. 
Impeller B displayed the same trend but with a lower maximum efficiency of 72.3% at an inlet 
angle of 24° in this experiment. The results for impeller B are shown in Figure 59. The drop in 
efficiency at shallow angles could be attributed to larger amounts of water being deflected away 
from the impellers before traveling downward across the bucket surface. It should be noted that 
nozzle angle tests for impeller B were performed at a net head of 140 ft. of water instead of the 
desired 160 ft. This was done because the impeller B tests were performed first during the 
experiment and the net head was lowered on this test to ensure safe operation of the test stand. The 
tests could not be repeated at the desired head within the allowable time frame of the experiment. 
Figures 58 and 60 show the shaft power produced by each impeller during these tests. 
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Figure 57: Plot of the efficiency of impeller A at different nozzle angles 
 
Figure 58: Plot of the shaft power produced by impeller A at different nozzle angles 
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Figure 59: Plot of the efficiency of impeller B at different nozzle angles 
 
Figure 60: Plot of the shaft power produced by impeller B at different nozzle angles 
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It should be noted that the 24° was the steepest nozzle angle able to be tested in the test 
stand. However, the trends shown in Figures 57 and 59 suggest that if the nozzle angle were made 
steeper that the efficiency would increase further. However, literature suggests that a plateau would 
eventually be reached and the efficiency would no longer increase with a steeper nozzle angle. 
A plot of the uncertainty for the calculation of the efficiency is shown in Figures 61 and 
62. The uncertainty was calculated using a 95% confidence interval. The maximum efficiency 
uncertainty seen for the nozzle angle tests was 4.3% which occurred in the test at 16° for impeller 
B. The uncertainty was higher at smaller angles due to the lower torque produced by each impeller 
at those angles. This brought the torque measurement much closer to the resolution of the sensor 
causing bias uncertainty to increase.  
 
Figure 61: Plot of the uncertainty of the efficiency during nozzle angle tests on impeller A 
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Figure 62: Plot of the uncertainty of the efficiency during nozzle angle tests on impeller B 
 
4.4 Performance at Varying Flow Rates and Motor Speeds 
Based on the results of the performance tests at different angles, performance tests at 
varying flow rates and rotational speeds were performed at a nozzle angle of 24° for both impellers. 
It should be noted that on each three dimensional contour plot red dots indicate test points on the 
surface. The red dots arranged in rows parallel to the axis labeled as shaft speed would represent 
a line of constant flow rate if they were connected. They are near the values of the flow rates 
outlined in the test matrix outlined in Section 3.1.7 which are 250, 500, 750, 1000, and 1200 GPM. 
The same concept applies to lines of constant shaft speed for the rows of dots parallel to the flow 
rate axis. 
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4.4.1 Impeller A Performance Results 
4.4.1.1 Measured Efficiency for Impeller A 
It should be kept in mind that the measured efficiency represents the performance of the 
impellers, water nozzles, and includes power losses from the test stand and aerodynamic drag on 
the impeller.  Figure 63 shows a plot of the measured efficiency for impeller A.  
 
Figure 63: Plot of the efficiency map for impeller A 
In Figure 63, the maximum efficiency obtained was 81.8% from impeller A. This occurred 
at a motor speed of approximately 1500 RPM and a flow rate of 491 GPM. Looking at the contour 
of the plot, the efficiency increases rapidly from lower shaft speeds until it reaches 1300 to 1500 
RPM. This can be attributed to the speed ratios associated with each water jet reaching the 
recommended range of 0.45-0.47 in the range of rotational speeds of the impeller.  
4.4.1.2 Adjusted Efficiency for Impeller A 
The plots of the adjusted efficiency were created by adding the estimated power loses due 
to the rotating components in the test apparatus and aerodynamic drag on the impeller to the 
original power output measured from the impeller to form a new calculation of the efficiency of 
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each impeller. The goal of this calculation was separate the impellers from power loss effects 
caused by the test apparatus components. This would allow for comparison of the adjusted 
efficiency measurements to others taken on other turbine impellers that have a different design 
configuration than the test stand used in this project. A plot of the efficiency adjusted to account 
for the effects of losses for impeller A is shown in Figure 64.     
 
Figure 64: Plot of the efficiency of impeller A adjusted for power losses 
The peak efficiency for impeller A was increased from 81.8% to 84.6% when the power 
losses of the test stand components were added to the original measured power output. Both 
Figures 63 and 64 have similar shape and trends. When looking at the y-axis representing flow 
rate, the efficiency does not show a decreasing trend until after it passes the 750 GPM flow rate. 
This can be attributed to the nozzle diameter of the largest two nozzles becoming larger than the 
width of the buckets on impeller A. When this occurred, the water jet hit the outer edges of the 
bucket which did not redirect the jet as efficiently as the uniformly curved surface in the middle 
of the bucket. Also at the higher flow rates, there was a higher occurrence of a portion of the water 
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jet being deflected away from the impeller or completely missing it because of increased spray in 
the casing and increased deflection on non-bucket surfaces.  
4.4.1.3 Speed Ratios for Impeller A 
As mentioned in Section 4.4.1.1, the optimum speed ratio was reached at rotational speeds 
between 1300 and 1500 RPM. A plot of the estimated speed ratio for impeller A is shown for each 
nozzle in Figures 65 and 66.  
 
Figure 65: Plot of the speed ratio for the nozzle 1 jet during impeller A tests 
 
Figure 66: Plot of the speed ratio for the nozzle 2 jet during impeller A tests 
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4.4.1.4 Shaft Power Produced by Impeller A 
At peak conditions of a rotational speed of 1670 RPM and a flow rate of 1180 GPM 
impeller A generated 28.6 hp. A plot of the shaft power produced by impeller A during the 
experiments is shown in figure 67.  
 
Figure 67: Plot of the shaft power output during performance tests on impeller A 
It can be seen from Figure 67 that shaft power increases greatly as the flow of water being passed 
through the impeller increases. This is the result of a greater change in momentum as an increased 
amount of water mass is redirected around the surface of the rotating impeller buckets.  
4.4.1.5 Uncertainty Analysis for Impeller A 
An uncertainty map was formed for each of the impellers to show the uncertainty in the 
measurements of the overall efficiency. The uncertainty was calculated using the method described 
previously in Section 3.1.8. An example uncertainty calculation is shown in Appendix F. A plot 
of the uncertainty for the calculation of the efficiency of impeller A is shown in Figure 68. 
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Figure 68: Plot of a map of uncertainty in the turbine efficiency of impeller A 
The maximum uncertainty in the measurement of efficiency for impeller A was 10.1%. The bias 
uncertainty from the torque meter was the largest contributor to the uncertainty. As previously 
mentioned, the maximum uncertainty occurred at high speed and low flow rate tests points where 
the torque was lower. 
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4.4.2 Impeller B Performance Results 
4.4.2.1 Measured Efficiency for Impeller B 
Impeller B showed a peak efficiency of 73.3% at approximately 1330 RPM and a flow rate of 740 
GPM. The plot of the measured efficiency for impeller B is shown in Figure 69. The efficiency 
map for impeller B showed a trend of increasing efficiency from low rotational speeds until the 
peak was reached near 1300 RPM and then decreased. Impeller B does not show decreasing 
efficiency with increasing flow rate because its larger buckets can accommodate the water jets 
from the larger diameter water nozzles.  
 
 
Figure 69: Plot of the efficiency map for impeller B 
4.4.2.2 Adjusted Efficiency for Impeller B 
The plot of adjusted efficiency carries the same trends as described in the previous section. A plot 
of the efficiency adjusted for the effects of power losses for impeller B is shown in Figure 70. For 
both Figures 69 and 70, reaching peak efficiencies between rotational speeds of 1200-1350 RPM 
can again be attributed obtaining the desired speed ratio. The peak efficiency for impeller B was 
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increased from 73.3% to 74.8% when the power losses of the test stand components were added 
to the original measured power output. 
 
Figure 70: Plot of the efficiency of impeller B adjusted for power losses 
4.4.2.3 Speed Ratios for Impeller B 
The desired speed ratio for impeller B occurred at a range of approximately 1200 to 1350 
RPM. Plots of the speed ratio for impeller B at each water nozzle are shown in Figures 71 and 72. 
The discontinuities in the surface of the maps in figures 71 and 72 can be attributed to difficulty 
controlling the experimental conditions during the first several experiments conducted. 
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Figure 71: Plot of the speed ratio for the nozzle 1 jet during impeller B tests 
 
Figure 72: Plot of the speed ratio for the nozzle 2 jet during impeller B tests 
4.4.2.4 Shaft Power Produced by Impeller B 
 Impeller B also generated a peak shaft power of 28.6 hp at peak conditions of 1636 RPM 
and 1172 GPM. The shaft power produced increased significantly with increased flow rate because 
of the concept previously described at the end of Section 4.4.1.4 for impeller A. A plot of the shaft 
power produced by impeller A during the experiments is shown in Figure 73. 
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Figure 73: Plot of the shaft power output during performance tests on impeller B 
4.4.2.5 Uncertainty Analysis for Impeller B 
The maximum uncertainty in the measurement of the efficiency for impeller B was 8.0%. 
The bias uncertainty from the torque meter was the largest contributor to the uncertainty. As 
previously mentioned, the maximum uncertainty occurred at high speed and low flow rate tests 
points where the torque was lower. The plot of the measured efficiency for impeller B is shown in 
Figure 74.  
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Figure 74: Plot of a map of the overall uncertainty in the turbine efficiency measurement for impeller B 
4.4.3 Comparison of the Performance Results 
Both impellers produced a maximum of 28.6 hp power at the generator shaft. This occurred 
at 1667 RPM and 1181 GPM for impeller A and at 1636 RPM and 1172 GPM for impeller B. Both 
impellers showed similar trends with regards to their efficiency maps except for one difference. 
The efficiency of impeller A decreased at flow rates above 750 GPM because of the effect of its 
smaller buckets not fully accommodating the larger water jet from the larger diameter water 
nozzles. Across the range of set-points in the test matrix, impeller A consistently produced more 
shaft power by a small margin when compared to impeller B except for set points near the 500 
GPM and 600-900 RPM range. The limitations of the equipment prevented set-points in the ranges 
of 250-500 GPM and 150-450 GPM from being tested for impeller B. The data suggests that 
impeller B may have been able to outperform impeller A in that range of set-points.  
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4.5 Turbine Operating Speed 
 The rotational speed that the turbine settled at during operation was determined by the 
electrical loading on the generator and how efficient the impeller operates. Figures 75 and 76 show 
speed torque curves for each impeller at the different flow rates that were tested. The rated motor 
torque that is displayed on each plot is based on data for the motor driving a load and not being 
driven as a generator. 
 
Figure 75: Plot of torque versus rotational speed for the motor and impeller A 
 
Figure 76: Plot of torque versus rotational speed for the motor and impeller B 
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As an example, if the turbine with impeller A mounted and generator were being freely 
driven by the water jets at 500 GPM flow rate, the turbine would steadily operate at a rotational 
speed of approximately 1300 RPM. This can be inferred by noting the rotational speed at the point 
where the line of torque produced by the turbine (green) and the line of torque required by the 
motor (black) cross in Figure 75.  The same example for impeller B would yield an estimated 
operating speed of 1200 RPM from Figure 76.  
This method of determining the turbine operating speed was mentioned for practicality. In 
an operational turbine, the rotational speed of the generator shaft may not be continually measured 
and recorded. In order to form an estimation of the turbines performance, this method could be 
used to determine the rotational speed of the turbine if the characteristics of the generator and 
electrical load on the generator are known. This information could also be used to prevent the 
turbine from “running away”. This means that if the turbine is producing more torque than is 
required to meet the demands of the electrical loading, the rotational speed of the generator will 
begin to increase and could reach dangerous levels. With knowledge of the correct operating speed 
of the turbine, a runaway scenario can be preventing by controlling the loading of the generator. 
4.6 Water Jet Quality 
As previously discussed, a documented design for the water nozzles was used to create the 
nozzles used in this experiment. This was done in an effort to ensure that the water jets used for 
each test would produce a high quality water jet. The quality of the water jet can have a great 
impact on the operation of the turbine. All water nozzles produced good quality water jets in this 
experiment. It was originally planned to take pictures of the jet for each nozzle size and then 
compare them based on jet shape, uniformity, and dispersion. However, this was not possible due 
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to the amount of spray in the test stand casing during testing. Figure 77 on the next page shows the 
water jet emanating from the smallest diameter water nozzle during a performance test. 
Rotating Impeller Buckets
Water Jet
Water Nozzle
Drive Shaft
 
Figure 77: Picture of water jet impinging on impeller A after it exits the water nozzle 
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5 Conclusions  
 Several conclusions were drawn from the results of the project. To enable the data to be 
collected to arrive at these conclusions, a test stand was designed and fabricated to evaluate the 
performance of two Turgo micro-hydro turbine impellers. The experimental conditions used for 
the performance evaluation were modeled after the conditions at the BCWA site in Antrim, 
Pennsylvania that is managed by Biomost, Inc.  
  Initially, a coast down experiment was performed with the test apparatus to estimate the 
mechanical losses due to the rotating components in the test apparatus and the aerodynamic drag 
on each impeller. As expected, this study showed that the power losses in the test stand had a more 
significant impact on the amount of power produced when the power produced from the impellers 
was low. Mechanical losses in the test stand represented the largest power loss during the 
experiment. As expected, the power loss due to aerodynamic drag on impeller B was greater than 
the drag power loss on impeller A. The power loss due to mechanical losses and aerodynamic drag 
were estimated so that the performance of the impellers could be evaluated independently from 
the effects of the being test in the test stand.  
 Vibration measurements were taken on the test stand with different configurations of the 
rotating components attached to provide a perspective on how well balanced the system was and 
to create a reference for monitoring the safe operating conditions of the test stand. The vibration 
measurements were taken until the test stand reached a vibration condition that was characterized 
as rough by the general machinery vibration severity chart in Appendix A. It was found that with 
impeller A mounted there was rough vibration created in the test stand in the range of 1350-1500 
RPM. With impeller B installed, rough vibration was created at 1200 RPM. As a reference point, 
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rough vibration was caused in the range of 1800-1950 RPM with only the driveshaft and motor 
rotating without either impeller. 
 The test stand was first used to determine which inlet nozzle angle would result in the best 
efficiency from each turbine impeller with all of the other test conditions held constant. Tests were 
conducted over a range of inlet angles from 16° to 24°. The actual inlet nozzle angle of the 
operational turbines in Antrim, PA was approximately 16°. It was found that an angle of 24° was 
the inlet angle which produced the most shaft power from the turbine with the highest efficiency 
for each impeller. When the angle was reduced from 24° to 16°, impeller A showed an approximate 
drop in efficiency of 19% and impeller B showed nearly a 30% drop. Angles steeper than 24° were 
not tested due to the physical range of motion of the nozzle mounting brackets inside the test stand 
but may have produced even higher values of efficiency and shaft power.  
 The second set of performance experiments the test stand was used for measured the 
performance from each impeller at varying flow rates and shaft speeds. This experiment was 
conducted with inlet nozzle angles of 24° because it was deemed to be the most efficient inlet angle 
measured for each impeller for the available test equipment. The results of these experiments were 
used to create three dimensional performance maps for the turbine efficiency and shaft power 
produced. It was found that impeller A had the higher peak efficiency (81.8%) and operated with 
greater efficiency at speeds ranging from 900 RPM to 1800 RPM and flow rates from 225 to 800 
GPM. Impeller A consistently produced slightly more shaft power than Impeller B at test points 
below the peak output except for 3 points at 484 GPM and rotational speeds of 600, 755, and 905 
RPM.  Impeller B was found to have a peak efficiency of 73.3%. It also operated more efficiently 
at rotational speeds between 600 and 1000 RPM and flow rates between 300 and 675 GPM when 
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compared to impeller A. Both impellers produced peak shaft power of 28.6 hp at different 
operating points.  
 The differences in performance between the two impellers can be explained by looking at 
several different attributes on both impellers A and B. First, as described in Section 2.1 of the 
literature review, the exit angle of each bucket is crucial to efficient operation of each impeller. 
The recommended range for the exit angle of the bucket was 10° to 15°. The exit angle for impeller 
B (32°) was steeper than that of impeller A (9°). This means that solely based on the exit angle of 
each type of bucket, the buckets on impeller A will operate more efficiently because it will produce 
a greater change in momentum as the water jet is redirected around the bucket surface. Second, 
the bucket surfaces were also rougher on impeller B when compared to those on impeller A. 
Impeller B was in an operational turbine before being tested. The bucket surfaces were rusty, 
pitted, and worn from particulate in the water flow that it was used in. This surface condition was 
assumed to have caused an increased amount of friction to occur with the water jet on the surface 
of the bucket. The friction reduced the velocity of the water jet at the exit of the bucket and in turn 
the amount of momentum transferred to the impeller which reduces efficiency and power output. 
 Even with impeller A being more efficient than impeller B over a greater operating range, 
both impellers produced approximately the same amount of shaft power at their peak operating 
point. This can be explained by the size of the buckets on the two impellers. Although, impeller A 
operated more efficiently, it has much smaller buckets than impeller A. At higher flow where the 
nozzle diameter is larger, more water is deflected away or bypasses impeller A completely. Since 
it operates with a higher efficiency, it produces the same amount of shaft power with less water 
mass being passed through the buckets. Impeller B produces the same amount of shaft power by 
capturing more with larger buckets at a lower efficiency when compared to impeller A.    
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 Coast-down tests were performed with different configurations of the test apparatus to 
estimate the mechanical losses and aerodynamic drag on the impeller in the test stand during the 
experiment. Estimating these losses allowed for the calculation of an adjusted efficiency of each 
impeller that was independent of the effects of the test stand used in this experiment.   These 
experiments showed that the estimated values are consistent with the literature for turbines that are 
not directly coupled to the generator shaft. At peak shaft power output, the total losses were 
estimated to be 1% of the output for impeller A and 2% of the output for impeller B. The accuracy 
of this estimation could have been improved by conducting the coast down tests while the water 
jets were active and the test stand was filled with an air and water spray mixture. This would cause 
a slight increase in aerodynamic drag due to increased density of the fluid the rotating components 
were traveling through. 
 Several recommendations can be made from the conclusions drawn from the experimental 
data with regards to how both impellers should be used in an operational turbine system. If the 
impellers were to be used at a site with the conditions that were used in this experiment, impeller 
A would be best suited for use in a turbine. It produced higher or approximately the same amounts 
of shaft power with higher efficiency throughout the range of conditions. However, impeller B 
would be a better option at flowrates that are greater than the maximum of 1200 GPM that was 
tested in this experiment. This is because the larger size of the buckets on impeller B would allow 
it to produce more shaft power at higher flow rates because it captures more of the water jets. In 
the same situation, impeller A would improperly deflect or miss a large amount of the water jet 
resulting in decreased power production.  
 An ideal turbine impeller that could be used over a larger range of conditions with higher 
flow rates would combine attributes from both impeller A and impeller B. Impeller A produced 
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power more efficiently because of the shape of its buckets. Impeller B produced similar amounts 
of power to impeller A because its larger size made up for its less efficient bucket shape. The 
buckets on an ideal impeller would have the shape of Impeller A’s buckets, but all of the different 
components of the impeller would be near the same size as impeller B’s components. This would 
allow the impeller to capture the maximum amount of water from larger water jets while still 
transforming the kinetic energy in the jet into shaft power efficiently. 
 The results from this project could have been improved in several ways. Firstly, the time 
allocated for the experiment due to project resources was limited to two weeks. Increasing this 
time would have allowed for better control of the experimental conditions by providing the 
opportunity for a practice run of each experiment to see how equipment responded to experimental 
conditions.  
 Secondly, the allowable torque on the motor shaft limited the test points that could be tested 
in the experiment. A larger motor with a base speed of 1800 RPM would have been more suitable 
for this application but was not able to be obtained within the resources of the project.  
 A header tank would also have served as a better option to supply water to the test stand 
under constant pressure head. The water level in the tank would have been kept at a constant level 
to create a more precise control over the head pressure of the water flow supplied to the test stand. 
However, a tank with the capability to provide a 1200 GPM water flow at 160 ft. of water pressure 
head could not be fabricated within the resources of the experiment.  
 In conclusion, it was determined that both impellers have strengths and weaknesses in their 
design. Both turbines are very capable of producing satisfactory performance in a range of different 
operating conditions. This experiment shows that each turbine is sensitive to the operating 
conditions in which they are used. Proper design of components of a turbine system and 
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management of the operating conditions are important factors in obtaining long term, efficient, 
and reliable power production from each turbine impeller.  
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Description of Appendices 
Appendix A IRD General Machinery Vibration Severity Chart which was used to ensure safe 
operation of the test stand and characterize the balancing of the impellers and test 
stand rotating components 
Appendix B Four configurations of the test stand components during coast-down testing  
Appendix C Transducer calibration certificates and plots of calibration checks conducted to 
ensure the accuracy of measurements in the experiment 
Appendix D Reliance motor parameters and speed-torque curve 
Appendix E Flow chart of how various quantities were calculated and measured in the 
Scimitar Parameter Tree 
Appendix F Example uncertainty calculation  
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Appendix B - Coast-down Test Component Configurations 
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Appendix C - Transducer Calibration Certificates 
Siemens Sitrans MAG 5100W Flow Meter and MAG 5000 Transmitter 
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Keller Valueline Pressure Transducer for Nozzle 1 
 
 
Figure 78: Plot of the calibration check for the pressure transducer for nozzle 1 
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Keller Valueline Pressure Transducer for Nozzle 2 
 
 
Figure 79: Plot of the calibration check for the pressure transducer for nozzle 2 
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Interface Force Calibration Certificate for T23 Rotary Torque Meter 
 
C-7 
 
 
Figure 80: Plot of the calibration check for the T23 torque meter 
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Appendix D - Reliance Induction Motor Speed-Torque Curve 
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Appendix E - Scimitar Parameter Tree 
Shaft Power (kW)
Shaft Speed (RPM) Torque (Nm)
Factory Calibration
*abs() accounts for CCW rotation of torque 
meter
Shaft Speed (Hz)
Encoder Reading
FIN 0 on LJ UE9
Torque (Volt Reading)
Torque Meter Reading
AIN 2 on LJ UE9
Torque (ft lbs)
Factory Calibration
Parameter used for monitoring test
?̇?𝑛(𝑅𝑅𝑃𝑃𝐺𝐺) = � 60 𝑠𝑠𝑚𝑚𝐵𝐵𝑛𝑛1024 𝑝𝑝𝑝𝑝𝑙𝑙𝑠𝑠𝑒𝑒𝑠𝑠𝑟𝑟𝑒𝑒𝑣𝑣𝑟𝑟𝑙𝑙𝑝𝑝𝑑𝑑𝐵𝐵𝑟𝑟𝑛𝑛 �  ?̇?𝑛 �𝑝𝑝𝑝𝑝𝑙𝑙𝑠𝑠𝑒𝑒𝑠𝑠𝑠𝑠 � T (𝑁𝑁𝑚𝑚) = 𝑎𝑎𝑙𝑙𝑠𝑠(100 ∗ T) (𝑉𝑉𝑟𝑟𝑙𝑙𝑑𝑑𝑠𝑠) 
T (𝑓𝑓𝑑𝑑 𝑙𝑙𝑙𝑙𝑠𝑠) = 72.993 ∗ T (𝑉𝑉𝑟𝑟𝑙𝑙𝑑𝑑𝑠𝑠) − 1.46 ∗ 10−14  
𝑃𝑃𝑠𝑠ℎ𝑎𝑎𝑓𝑓𝑑𝑑  (𝑘𝑘𝑘𝑘) = 2𝜋𝜋 𝑟𝑟𝑎𝑎𝑑𝑑𝐵𝐵𝑎𝑎𝑛𝑛𝑠𝑠𝑟𝑟𝑒𝑒𝑣𝑣.
�60 𝑠𝑠𝑚𝑚𝐵𝐵𝑛𝑛 ∗ 1000 𝑘𝑘𝑘𝑘𝑘𝑘� ?̇?𝑛  �𝑟𝑟𝑒𝑒𝑣𝑣.𝑚𝑚𝐵𝐵𝑛𝑛�T (𝑁𝑁𝑚𝑚 )  
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Total Hydraulic Power (kW)
Hydraulic Power 1 (kW) Hydraulic Power 2 (kW)
Nozzle Pressure 1 (kPa) Nozzle Pressure 2 (kPa)
Halved Flow Rate (m3/s)
Flow Rate (GPM)
Factory Calibration
Flow Rate (mA Reading)
Flow Meter Reading
Channel 0 on ICP Con
Nozzle Pressure 1 (PSI)
Factory Calibration
Nozzle Pressure 2 (PSI)
Factory Calibration
Nozzle Pressure 1 (V Reading)
Pressure Sensor Reading
AIN 0 on LJ UE9
Nozzle Pressure 2 (V Reading)
Pressure Sensor Reading
AIN 1 on LJ UE9
𝑄𝑄 ̇ (𝐺𝐺𝑃𝑃𝐺𝐺) = 72.993 𝑄𝑄 ̇ (𝑚𝑚𝐴𝐴)− 230.5 
𝑄𝑄 ̇ ℎ𝑎𝑎𝑙𝑙𝑓𝑓 �𝑚𝑚3𝑠𝑠 � = 𝑄𝑄 ̇ (𝐺𝐺𝑃𝑃𝐺𝐺)� 1 �𝑚𝑚
3
𝑠𝑠 �15850 (𝐺𝐺𝑃𝑃𝐺𝐺)� ∗ 0.5 
𝑝𝑝𝑛𝑛𝑟𝑟𝑧𝑧𝑧𝑧𝑙𝑙𝑒𝑒  2 (𝑃𝑃𝑃𝑃𝐼𝐼) = 30 ∗ 𝑝𝑝 (𝑉𝑉𝑟𝑟𝑙𝑙𝑑𝑑𝑠𝑠) − 0.009 𝑝𝑝𝑛𝑛𝑟𝑟𝑧𝑧𝑧𝑧𝑙𝑙𝑒𝑒  1 (𝑃𝑃𝑃𝑃𝐼𝐼) = 30 ∗ 𝑝𝑝 (𝑉𝑉𝑟𝑟𝑙𝑙𝑑𝑑𝑠𝑠) + 0.024 
𝑝𝑝𝑛𝑛𝑟𝑟𝑧𝑧𝑧𝑧𝑙𝑙𝑒𝑒  1(𝑘𝑘𝑃𝑃𝑎𝑎) = 𝑝𝑝𝑛𝑛𝑟𝑟𝑧𝑧𝑧𝑧𝑙𝑙𝑒𝑒  1(𝑃𝑃𝑃𝑃𝐼𝐼) �6.894757 𝑘𝑘𝑃𝑃𝑎𝑎1 𝑃𝑃𝑃𝑃𝐼𝐼 � 𝑝𝑝𝑛𝑛𝑟𝑟𝑧𝑧𝑧𝑧𝑙𝑙𝑒𝑒  2 (𝑘𝑘𝑃𝑃𝐴𝐴) = 𝑝𝑝𝑛𝑛𝑟𝑟𝑧𝑧𝑧𝑧𝑙𝑙𝑒𝑒  2(𝑃𝑃𝑃𝑃𝐼𝐼) �6.894757 𝑘𝑘𝑃𝑃𝑎𝑎1 𝑃𝑃𝑃𝑃𝐼𝐼 � 
𝑃𝑃ℎ𝑦𝑦𝑑𝑑𝑟𝑟𝑎𝑎𝑝𝑝𝑙𝑙𝐵𝐵𝑐𝑐  1(𝑘𝑘𝑘𝑘) = 𝑝𝑝𝑛𝑛𝑟𝑟𝑧𝑧𝑧𝑧𝑙𝑙𝑒𝑒  1  �103 𝑁𝑁𝑚𝑚2� ?̇?𝑄 ℎ𝑎𝑎𝑙𝑙𝑓𝑓 �𝑚𝑚3𝑠𝑠 � 𝑃𝑃ℎ𝑦𝑦𝑑𝑑𝑟𝑟𝑎𝑎𝑝𝑝𝑙𝑙𝐵𝐵𝑐𝑐  2(𝑘𝑘𝑘𝑘) = 𝑝𝑝𝑛𝑛𝑟𝑟𝑧𝑧𝑧𝑧𝑙𝑙𝑒𝑒  2  �103 𝑁𝑁𝑚𝑚2� ?̇?𝑄 ℎ𝑎𝑎𝑙𝑙𝑓𝑓 �𝑚𝑚3𝑠𝑠 � 
𝑃𝑃ℎ𝑦𝑦𝑑𝑑𝑟𝑟𝑎𝑎𝑝𝑝𝑙𝑙𝐵𝐵𝑐𝑐  (𝑘𝑘𝑘𝑘) = 𝑃𝑃ℎ𝑦𝑦𝑑𝑑𝑟𝑟𝑎𝑎𝑝𝑝𝑙𝑙𝐵𝐵𝑐𝑐  1(𝑘𝑘𝑘𝑘) + 𝑃𝑃ℎ𝑦𝑦𝑑𝑑𝑟𝑟𝑎𝑎𝑝𝑝𝑙𝑙𝐵𝐵𝑐𝑐  2(𝑘𝑘𝑘𝑘) 
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Efficiency (%)
Total Hydraulic Power (kW)
𝑃𝑃𝑑𝑑𝑟𝑟𝑑𝑑𝑎𝑎𝑙𝑙  ℎ𝑦𝑦𝑑𝑑𝑟𝑟𝑎𝑎𝑝𝑝𝑙𝑙𝐵𝐵𝑐𝑐  (𝑘𝑘𝑘𝑘) = 𝑃𝑃ℎ𝑦𝑦𝑑𝑑𝑟𝑟𝑎𝑎𝑝𝑝𝑙𝑙𝐵𝐵𝑐𝑐  1(𝑘𝑘𝑘𝑘) + 𝑃𝑃ℎ𝑦𝑦𝑑𝑑𝑟𝑟𝑎𝑎𝑝𝑝𝑙𝑙𝐵𝐵𝑐𝑐  2(𝑘𝑘𝑘𝑘) 
Shaft Power (hp)
Parameter used for monitoring test
𝑃𝑃𝑠𝑠ℎ𝑎𝑎𝑓𝑓𝑑𝑑  (ℎ𝑝𝑝) = 𝑃𝑃𝑠𝑠ℎ𝑎𝑎𝑓𝑓𝑑𝑑  (𝑘𝑘𝑘𝑘) ∗ 1.341 ℎ𝑝𝑝𝑘𝑘𝑘𝑘 
𝜂𝜂𝑟𝑟𝑣𝑣𝑒𝑒𝑟𝑟𝑎𝑎𝑙𝑙𝑙𝑙 (%) = 100 ∗ 𝑃𝑃𝑠𝑠ℎ𝑎𝑎𝑓𝑓𝑑𝑑  (𝑘𝑘𝑘𝑘)𝑃𝑃𝑑𝑑𝑟𝑟𝑑𝑑𝑎𝑎𝑙𝑙  ℎ𝑦𝑦𝑑𝑑𝑟𝑟𝑎𝑎𝑝𝑝𝑙𝑙𝐵𝐵𝑐𝑐  (𝑘𝑘𝑘𝑘) 
Shaft Power (kW)
𝑃𝑃𝑠𝑠ℎ𝑎𝑎𝑓𝑓𝑑𝑑  (𝑘𝑘𝑘𝑘) = 2𝜋𝜋 𝑟𝑟𝑎𝑎𝑑𝑑𝐵𝐵𝑎𝑎𝑛𝑛𝑠𝑠𝑟𝑟𝑒𝑒𝑣𝑣.
�60 𝑠𝑠𝑚𝑚𝐵𝐵𝑛𝑛 ∗ 1000 𝑘𝑘𝑘𝑘𝑘𝑘� ?̇?𝑛  �𝑟𝑟𝑒𝑒𝑣𝑣.𝑚𝑚𝐵𝐵𝑛𝑛�T (𝑁𝑁𝑚𝑚 )  
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Density Nozzle 1 (kg/m3)
Water Temperature (°C)
Reading from Thermocouple
Channel 5 on ICP Con
Automatically Scaled in Scimitar
Nozzle Pressure 1 (kPa)
(Calculated value from previous page)
Net Head Nozzle 1 (ft of water)
Parameter used for monitoring test
Gravity (m/s2)
Water Temperature (°F)
Parameter used for monitoring test
𝑇𝑇𝑤𝑤𝑎𝑎𝑑𝑑𝑒𝑒𝑟𝑟  (℉) = 1.8 ∗ 𝑇𝑇𝑤𝑤𝑎𝑎𝑑𝑑𝑒𝑒𝑟𝑟  (℃) + 32 
𝑔𝑔 = 9.80026 𝑚𝑚
𝑠𝑠2 
Nozzle Pressure 1 (Pa)
𝑝𝑝𝑛𝑛𝑟𝑟𝑧𝑧𝑧𝑧𝑙𝑙𝑒𝑒  1 (𝑃𝑃𝑎𝑎) = 𝑝𝑝𝑛𝑛𝑟𝑟𝑧𝑧𝑧𝑧𝑙𝑙𝑒𝑒  1(𝑘𝑘𝑃𝑃𝑎𝑎) 1000 𝑃𝑃𝑎𝑎1 𝑘𝑘𝑃𝑃𝑎𝑎  
𝜌𝜌𝑛𝑛𝑟𝑟𝑧𝑧𝑧𝑧𝑙𝑙𝑒𝑒  1 �𝑘𝑘𝑔𝑔𝑚𝑚3� = 1𝑣𝑣0 𝑚𝑚3𝑘𝑘𝑔𝑔 [(1 − 𝐴𝐴 𝑝𝑝𝑛𝑛𝑟𝑟𝑧𝑧𝑧𝑧𝑙𝑙𝑒𝑒  1) + 8 ∗ 10−6(𝑇𝑇𝑤𝑤𝑎𝑎𝑑𝑑𝑒𝑒𝑟𝑟 − 𝐵𝐵 + 𝐶𝐶 𝑝𝑝𝑛𝑛𝑟𝑟𝑧𝑧𝑧𝑧𝑙𝑙𝑒𝑒  1)2 − 6 ∗ 10−8(𝑇𝑇𝑤𝑤𝑎𝑎𝑑𝑑𝑒𝑒𝑟𝑟 − 𝐵𝐵 + 𝐶𝐶 𝑝𝑝𝑛𝑛𝑟𝑟𝑧𝑧𝑧𝑧𝑙𝑙𝑒𝑒  1)3] 
ℎ1(𝑓𝑓𝑑𝑑) = � 103 ∗ 𝑝𝑝𝑛𝑛𝑟𝑟𝑧𝑧𝑧𝑧𝑙𝑙𝑒𝑒  1  � 𝑁𝑁𝑚𝑚2�
𝜌𝜌𝑛𝑛𝑟𝑟𝑧𝑧𝑧𝑧𝑙𝑙𝑒𝑒  1 �𝑘𝑘𝑔𝑔𝑚𝑚3�  𝑔𝑔 �𝑚𝑚𝑠𝑠2��� 10.3048 𝑓𝑓𝑑𝑑𝑚𝑚� 
Nozzle Pressure 1 (kPa)
𝑝𝑝𝑛𝑛𝑟𝑟𝑧𝑧𝑧𝑧𝑙𝑙𝑒𝑒  1(𝑘𝑘𝑃𝑃𝑎𝑎) = 𝑝𝑝𝑛𝑛𝑟𝑟𝑧𝑧𝑧𝑧𝑙𝑙𝑒𝑒  1(𝑃𝑃𝑃𝑃𝐼𝐼) �6.894757 𝑘𝑘𝑃𝑃𝑎𝑎1 𝑃𝑃𝑃𝑃𝐼𝐼 � 
 
E-5 
 
Density Nozzle 2 (kg/m3)
Water Temperature (°C)
Reading from Thermocouple
Channel 5 on ICP Con
Automatically Scaled in Scimitar
Nozzle Pressure 2 (kPa)
(Calculated value from previous page)
Net Head Nozzle 2 (ft of water)
Parameter used for monitoring test
Gravity (m/s2)
𝑇𝑇𝑤𝑤𝑎𝑎𝑑𝑑𝑒𝑒𝑟𝑟  (℉) = 1.8 ∗ 𝑇𝑇𝑤𝑤𝑎𝑎𝑑𝑑𝑒𝑒𝑟𝑟  (℃) + 32 
𝑔𝑔 = 9.80026 𝑚𝑚
𝑠𝑠2 
Nozzle Pressure 2 (Pa)
𝑝𝑝𝑛𝑛𝑟𝑟𝑧𝑧𝑧𝑧𝑙𝑙𝑒𝑒  2 (𝑃𝑃𝑎𝑎) = 𝑝𝑝𝑛𝑛𝑟𝑟𝑧𝑧𝑧𝑧𝑙𝑙𝑒𝑒  2(𝑘𝑘𝑃𝑃𝑎𝑎) 1000 𝑃𝑃𝑎𝑎1 𝑘𝑘𝑃𝑃𝑎𝑎  
𝜌𝜌𝑛𝑛𝑟𝑟𝑧𝑧𝑧𝑧𝑙𝑙𝑒𝑒  2 �𝑘𝑘𝑔𝑔𝑚𝑚3� = 1𝑣𝑣0 𝑚𝑚3𝑘𝑘𝑔𝑔 [(1 − 𝐴𝐴 𝑝𝑝𝑛𝑛𝑟𝑟𝑧𝑧𝑧𝑧𝑙𝑙𝑒𝑒  2) + 8 ∗ 10−6(𝑇𝑇𝑤𝑤𝑎𝑎𝑑𝑑𝑒𝑒𝑟𝑟 − 𝐵𝐵 + 𝐶𝐶 𝑝𝑝𝑛𝑛𝑟𝑟𝑧𝑧𝑧𝑧𝑙𝑙𝑒𝑒  2)2 − 6 ∗ 10−8(𝑇𝑇𝑤𝑤𝑎𝑎𝑑𝑑𝑒𝑒𝑟𝑟 − 𝐵𝐵 + 𝐶𝐶 𝑝𝑝𝑛𝑛𝑟𝑟𝑧𝑧𝑧𝑧𝑙𝑙𝑒𝑒  2)3] 
ℎ2(𝑓𝑓𝑑𝑑) = � 103 ∗ 𝑝𝑝𝑛𝑛𝑟𝑟𝑧𝑧𝑧𝑧𝑙𝑙𝑒𝑒  2  � 𝑁𝑁𝑚𝑚2�
𝜌𝜌𝑛𝑛𝑟𝑟𝑧𝑧𝑧𝑧𝑙𝑙𝑒𝑒  2 �𝑘𝑘𝑔𝑔𝑚𝑚3�  𝑔𝑔 �𝑚𝑚𝑠𝑠2��� 10.3048 𝑓𝑓𝑑𝑑𝑚𝑚� 
Nozzle Pressure 2 (kPa)
𝑝𝑝𝑛𝑛𝑟𝑟𝑧𝑧𝑧𝑧𝑙𝑙𝑒𝑒  2 (𝑘𝑘𝑃𝑃𝐴𝐴) = 𝑝𝑝𝑛𝑛𝑟𝑟𝑧𝑧𝑧𝑧𝑙𝑙𝑒𝑒  2(𝑃𝑃𝑃𝑃𝐼𝐼) �6.894757 𝑘𝑘𝑃𝑃𝑎𝑎1 𝑃𝑃𝑃𝑃𝐼𝐼 � 
Water Temperature (°F)
Parameter used for monitoring test
𝑇𝑇𝑤𝑤𝑎𝑎𝑑𝑑𝑒𝑒𝑟𝑟  (℉) = 1.8 ∗ 𝑇𝑇𝑤𝑤𝑎𝑎𝑑𝑑𝑒𝑒𝑟𝑟  (℃) + 32 
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Appendix F - Example Uncertainty Calculation 
 This example is provided to show the process that was used to calculate the uncertainty of 
measured and calculated values. This example will show the bias uncertainty, precision 
uncertainty, and the overall uncertainty for a measurement of water density in this experiment. 
Based on the accuracy for the Keller Valueline pressure transducers used to measure the nozzle 
pressure in the experiment, the value of 𝑝𝑝𝑣𝑣𝑣𝑣𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛1 would be perturbed by ±1.03 Pa. Based on the 
accuracy for the Omega J-type thermocouple used to measure water temperature, the value 𝑇𝑇𝑤𝑤𝑣𝑣𝑣𝑣𝑛𝑛𝑣𝑣 
was perturbed by ±2.2℃. Each perturbed value was used to calculate high and low value of the 
resulting density.  These high and low values were then compared to the unperturbed results. The 
absolute of average was taken which can be seen below in Equations 15 and 16. 
 
𝛿𝛿𝜌𝜌𝑝𝑝𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑦𝑦𝑁𝑁 1 = �𝛿𝛿𝜌𝜌𝑝𝑝𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑦𝑦𝑁𝑁 1+� + �𝛿𝛿𝜌𝜌𝑝𝑝𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑦𝑦𝑁𝑁 1−�2  (15) 
 
𝛿𝛿𝜌𝜌𝑇𝑇𝑤𝑤𝑎𝑎𝑓𝑓𝑁𝑁𝑦𝑦 = �𝛿𝛿𝜌𝜌𝑇𝑇𝑤𝑤𝑎𝑎𝑓𝑓𝑁𝑁𝑦𝑦+� + �𝛿𝛿𝜌𝜌𝑇𝑇𝑤𝑤𝑎𝑎𝑓𝑓𝑁𝑁𝑦𝑦−�2  (16) 
These values are then combined into an RMS value for the bias uncertainty. This is shown below 
in Equation 17.  
 
𝜌𝜌𝑣𝑣𝑣𝑣𝑣𝑣𝑠𝑠 = ��𝛿𝛿𝜌𝜌𝑝𝑝𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑦𝑦𝑁𝑁 1�2 + �𝛿𝛿𝜌𝜌𝑇𝑇𝑤𝑤𝑎𝑎𝑓𝑓𝑁𝑁𝑦𝑦�2 (17) 
The precision uncertainty is described by the expression shown in Equation 18.  
 
𝜌𝜌𝑝𝑝𝑣𝑣𝑛𝑛𝑦𝑦𝑣𝑣𝑠𝑠𝑣𝑣𝑣𝑣𝑣𝑣 = ∆𝜌𝜌𝜌𝜌 = 𝑑𝑑 𝑃𝑃𝜌𝜌?̅?𝜌√𝑁𝑁 (18) 
In Equation 18, t (2.353) is the student-t variable, N (3) is the number of samples taken during the 
experiment, ?̅?𝜌 is the mean value of the density of the different samples, and  𝑃𝑃𝜌𝜌 is the variance of 
F-2 
 
the density in the samples. The overall uncertainty for the water density can then be determined 
from both the bias and precision uncertainties. This is shown in Equation 19. 
 
𝜌𝜌𝑦𝑦𝑣𝑣𝑦𝑦𝑛𝑛𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑦𝑦 = �(𝜌𝜌𝑣𝑣𝑣𝑣𝑣𝑣𝑠𝑠)2 + �𝜌𝜌𝑝𝑝𝑣𝑣𝑛𝑛𝑦𝑦𝑣𝑣𝑠𝑠𝑣𝑣𝑣𝑣𝑣𝑣�2 (19) 
A similar sequence of calculation was completed for all measured and calculated variables in the 
Scimitar parameter tree for each set-point test during the experiment. Graphs of the uncertainty for 
shaft power, hydraulic power, and overall efficiency can be seen in the results section 
accompanying their respective discussions on the performance test results. Maximum and 
minimum values are also reported in the uncertainty section of the experimental methodology.  
